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The use of hardwoods in structural laminated solid wood composites is still nascent with limited knowledge 
on its bonding. The prospect of hardwood bonding is attractive due to favourable mechanical properties, 
species abundance, and a “green” building perspective. However, wood biodeterioration concerns, particularly 
in tropical and subtropical environments, limit the global adoption of wood products in building and 
construction applications. This has been a major barrier to the global acceptance of contemporary wood 
products like glued-laminated and cross-laminated timbers. Hence, there is a growing interest to integrate wood 
durability treatment into mass timber technology to address biodeterioration concerns and enhance the service 
life of adhesive-bonded wood composites. One of the two major challenges with synergizing wood durability 
treatment and adhesive bonding is size limitation due to the large composite elements of mass timber. This 
makes pre-manufacture treatment the suitable option but presents another major challenge – preservative 
impregnation often retards adhesive bonding. The intricacy that surrounds wood as a complex polymer, 
adhesion as a surface physicochemical phenomenon, and the varied adhesion methods utilised are beyond a 
universal solution to the challenge of bonding preservative-treated wood. Therefore, mitigation measures must 
be addressed at the species-treatment-adhesive level to advance the bonding of preservative-treated wood. 
Thus, the principal focus of this study was to investigate adhesive bonding of copper azole (CA) and disodium 
octaborate tetrahydrate (DOT)-treated Eucalyptus grandis wood for the manufacture of durable solid 
hardwood composites. E. grandis is a refractory species with limited permeability for preservative 
impregnation. Its treatability was therefore established so that sufficient preservative retention could be 
achieved in an impregnation process. The modifications of physicochemical properties that include wettability, 
free energy, pH and buffering capacity, elemental composition, and chemical functionalities of the E. grandis 
wood surface post-impregnation with preservative chemicals were investigated to enable fundamental 
knowledge for bonding process adaptation. The compatibility of the preservative treatments with adhesive 
systems was also established. Wood preservation treatment and bonding process parameters investigated 
include wood density, preservative concentration, mechanical pretreatment, adhesive spread rate, open and 
close assembly times, bonding pressure, and press duration. The E. grandis joint mechanical properties 
evaluated include bondline shear strength, wood failure percentage, and delamination resistance. More 
importantly, suitable integrated process pathways that included a greener process route for the manufacture of 
durable, laminated E. grandis solid hardwood composite with acceptable joint mechanical properties were 
established. The bond performance of the E. grandis joints was evaluated based on the British Standard EN 
14080:2016 for softwoods in the absence of standardization for hardwood bonding. Satisfactory mean shear 
strength up to 7.98 MPa with corresponding 79.25% mean wood failure and mean delamination below 5% 
were achieved in CA-impregnated E. grandis adhesive-bonded joints. Similarly, 7.47 MPa mean shear strength 
with corresponding mean wood failure of 81.96% was obtained in DOT-impregnated E. grandis joints. 
However, the delamination resistance of the DOT-impregnated joints was not as good as that of CA-
impregnated joints with the former recording 33.57% mean delamination for the best treatment in this study. 
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Pressure and mechanical pretreatment of surface planing were the most influential bonding parameters. 
However, above 7 MPa bonding pressure, the effect of the bonding pressure difference became insignificant. 
Pre-bonding planing treatment produced joints with the most satisfactory mechanical properties – 8.18 MPa 
mean shear strength, 89.63% mean wood failure, and 0% mean delamination. A greener process route that 
excludes pre-bonding planing produced joints with a satisfactory mean shear strength of 7.66 MPa and a mean 
wood failure of 80.32%. However, the joint delamination resistance was less than that of pre-bonded planed 
joints having recorded a 22.07% mean delamination. This study outcome provided a suitable preservative-
treated hardwood composite that could be adopted for structural applications in tropical and subtropical climes. 
However, the use of DOT-impregnated, unplaned, and PRF-bonded joints will only be possible under limited 




Die gebruik van loofhout in strukturele gelamineerde saamgestelde houtprodukte is steeds in ŉ 
ontwikkelingsfase met beperkte kennis  van lymbindings. Die vooruitsig van loofhoutbinding is aantreklik 
weens gunstige meganiese eienskappe, spesies oorvloed en 'n "groen" bouperspektief. Houtbiodegradasie is 
egter ŉ probleem in veral tropiese en subtropiese omgewings en beperk die globale gebruik van houtprodukte 
in bou- en konstruksie. Dit is veral ŉ beperking vir die globale aanvaarding van kontemporêre houtprodukte 
soos gelamineerde en kruisgelamineerde hout. As gevolg daarvan is daar 'n groeiende belangstelling in 
houtverduursamingsbehandeling van groot houtkomponente soos kruisgelamineerde hout (“CLT”).  
Een van die twee groot uitdagings met saamgestelde hout se verduursaming is grootte-beperking as gevolg 
van die dimensies van produkte soos “CLT”. Dit maak die behandeling van voorvervaardigde hout die geskikte 
opsie, maar bied 'n ander groot uitdaging aan: preserveermiddels verswak dikwels lymbindings. Hout is 'n 
komplekse polimeer, en adhesie as 'n oppervlakfisikochemiese verskynsel tesame met die gevarieerde 
adhesiemetodes wat aangewend kan word, maak 'n universele oplossing uitdagend. Daarom moet probleme 
aangespreek word by die spesie-behandelings-kleefoppervlak vlak om die binding van preserveermiddel-
behandelde hout te bevorder. Die fokus van hierdie studie was om lymverbinding van koper azole (Ca) en 
intredium oktaboraat tetrahidraat (DOT) te ondersoek.  
E. Grandis is 'n spesie met beperkte deurlaatbaarheid vir preserveermiddels. Die behandelbaarheid daarvan is
dus eerstens vasgestel sodat voldoende preserveermiddelpenetrasie bereik kan word. Die wysigings van
fisiesiese eienskappe wat benatbaarheid, vrye energie-, pH- en bufferingskapasiteit, elementêre samestelling
insluit, en chemiese funksionaliteite van die E. grandis houtoppervlak beïnvloed is ondersoek om
fundamentele kennis vir aanpassing van bindingsprosesse in staat te stel. Die werking van die preserveermiddel
behandelings met kleefstelsels is ook ondersoek. Houtverduursamingsbehandeling en die lymbindingsproses
se parameters wat ondersoek is, sluit in houtdigtheid, preserveermiddeltipe, meganiese voorbehandeling,
lymverspreiding, oop -en toe samestellingstye, bindingsdruk en druktyd. Die E. grandis bindingsvlak
meganiese eienskappe wat geëvalueer is, sluit in lymlaag-skuifsterkte, houtbreek persentasie, en delaminasie
weerstand. Geskikte geïntegreerde prosesse wat 'n groener prosesroete ingesluit het vir die vervaardiging van
duursame, gelamineerde E. grandis soliede saamgestelde hout met aanvaarbare meganiese eienskappe, is
bepaal. Die E. grandis lymbindings is geëvalueer op grond van die Britse standaard EN 14080: 2016 vir
naaldhout in die afwesigheid van ŉ standaard vir loofhoutbinding. Bevredigende gemiddelde skuifsterkte van
7.98 MPa met ŉ ooreenstemmende 79,25% gemiddelde houtbreek persentasie en gemiddelde delaminasie
onder 5% is behaal in CA-geïmpregneerde E. grandis lymbindings. Daar is ŉ skuifsterkte van 7.47 MPa met
ooreenstemmende gemiddelde houtbreek van 81.96% behaal in DOT-geïmpregneerde E. grandis lymbindings.
Die delaminasieweerstand van die DOT-geïmpregneerde bindings was egter nie so goed soos dié van CA-
geïmpregneerde bindings nie met 33,57% delaminasie behaal vir die beste DOT behandeling in hierdie studie.
Druk en meganiese voorbehandeling van oppervlaktes was die mees invloedryke bindingsparameters. Met ŉ
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ŉ druk bo 7 MPA, het die effek van die bindingsdruk onbeduidend geword. Voorbinding skaaf van hout het 
die mees bevredigende meganiese eienskappe opgelewer - 8.18 MPa gemiddelde skuifsterkte, 89.63% 
gemiddelde houtbreek, en 0% gemiddelde delaminasie. 'n Groener prosesroete wat vooraf-skaaf uitsluit, het 
bindings met 'n gemiddelde skuifsterkte van 7.66 MPa en 'n gemiddelde houtbreek van 80,3% opgelewer. Die 
gesamentlike delaminasieweerstand was egter minder as dié van voorafgeskaafde hout wat 'n 22,07% 
gemiddelde delaminasie behaal het. Hierdie studie het gewys dat 'n geskikte preserveermiddel-behandelde 
loofhout binding vir strukturele toepassings in tropiese en subtropiese areas moontlik is. Die gebruik van DOT-
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Chapter 1 Introduction 
Background 
Like many temperate hardwoods, Eucalyptus wood is mostly used for pulp and energy production [1,2]. 
Recently, however, hardwood bonding for structural solid wood composites has been gaining global interest 
due to favourable mechanical properties, species abundance, and the advancement of green building practices 
[3]. Eucalyptus is the most cultivated plantation hardwood genus worldwide, and improvements in wood 
processing, adhesive formulation, and mass timber technologies are promoting its use for structural wood 
composites that include glued-laminated and cross-laminated timbers [2,4,5]. However, it is yet to attain a 
significant standing as a building and construction material due to a variety of factors that include low 
durability [2,4–9]. In a broader sense, the high susceptibility of wood to biological damages limits the global 
adoption of wood composite products in many applications [9]. The need for durable wood products in tropical 
and subtropical areas cannot be overemphasized considering the extent of biological damages to wood-based 
infrastructure. Dietsch and Tannert [10] reported that wood biodeterioration, including the combined damage 
due to decay, fungi, and insects, is one of the most prevalent damages observed in timber structures. As such, 
there is a growing research interest to integrate wood durability treatments into mass timber technology to 
address biodeterioration concerns and ensure the longevity of mass timber products [11]. Furthermore, 
adequate knowledge on hardwood bonding is still lacking [3] compared to softwood that is the typical raw 
material for mass timber elements [9,12,13]. Previous investigations on wood preservation and bonding have 
therefore mostly involved softwoods [14–18] and relatively few temperate hardwood species [11,19]. Thus, it 
is important that more hardwoods, particularly tropical species such as Eucalyptus, are incorporated into this 
research stream. This would contribute to the scientifically-based understanding of the effect of wood 
preservation on adhesive bonding, and subsequently the increased use of hardwood in the mass timber industry. 
It is noteworthy that due to size limitation, durability treatment of large composite elements is effectively only 
possible by pre-manufacture impregnation. 
Preservative impregnation usually retards the natural adhesion property of wood [14,20–22]. The 
physical and chemical properties of the wood surface environment are altered to such an extent that adhesive 
bonding is adversely affected [14,16,23–27]. These effects vary with wood species, preservative chemicals, 
adhesive systems, and bonding process conditions [15,19,20,28,29]. The complexities of wood polymers, 
adhesion phenomena, and adhesive systems are beyond a common solution to the various adhesion difficulties 
resulting from wood impregnation with preservatives [23]. Mitigation measures must be addressed at the 
species-treatment-adhesive level to advance the bonding of treated woods. Hence, the compatibility of 
preservative treatments with adhesive systems is crucial to ensure wood composite durability and joint 
performance that is suitable for structural and exterior applications [22,30,31]. 
Processes that include adhesive reformulation  [32], mixing wood preservative with surfactants [33], pre-
bonding mechanical treatment [34], chemical treatment [35], and various plasma treatments [22,36–38] are 
notably employed to improve wood-adhesive bonds. However, the associated shortcomings of these remedial 
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measures include additional cost, generation of toxic wood waste as with pre-bonding mechanical treatments, 
and adverse effect on wood protectant efficacy as reported of plasma treatment [22]. Wang et al. [9] noted the 
need for a simple environmentally friendly bonding process for manufacturing preservative-treated solid wood 
composites. Therefore, the principal focus of this study was to investigate adhesive bonding of preservative-
treated E. grandis wood for the manufacture of durable solid hardwood composite. The specific objectives of 
the study were: 
1. To establish the treatability of E. grandis to achieve retentions sufficient for exterior applications such
as hazard class H3 as classified in the South African National Standard (SANS 10005:2016) [39].
2. To characterize the surface physicochemical adhesion properties of E. grandis post-impregnation with
preservative chemicals as a precursory investigation to process improvement for better mechanical
properties.
3. To establish the compatibility of preservative treatments with adhesive systems, and suitable process
pathways, including a more environmentally sustainable process, for the manufacture of durable E.
grandis solid wood composite with satisfactory bond strength and durability.
Within the scope of the above objectives, this study was developed to answer the following research questions: 
1. What is the influence of the sapwood and heartwood content of E. grandis on its treatability?
2. Can E. grandis be satisfactorily impregnated with preservatives to ensure its suitability and
recommendation for exterior and ground contact applications such as hazard classes H3 and H4 as
defined in the South African National Standard (SANS) 10005:2016?
3. What bonding process variables predominantly influence the adhesive-bond performance in
preservative-treated E. grandis laminates, and how do variations in the conditions of such variables
affect the adhesive-bond strength and durability?
4. What are the modifications in the surface physicochemical adhesion properties of E. grandis post-
preservative impregnation?
5. How does the bond performance in preservative-treated E. grandis laminates compare under different
adhesive systems?
6. To what extent can process adaptation and adhesive compatibility improve the adhesive-bond strength
and durability in E. grandis laminates?
7. Can adequate bonding of preservative-treated E. grandis wood be achieved without the traditional
mechanical pretreatment process step (surface planing) to deliver a greener process route?
Structure of the dissertation 
This dissertation is presented as a series of scientific papers excluding the introductory and concluding 
chapters, 1 and 9 respectively. It consists of seven papers (chapters 2 to 8) that jointly addressed the overall 
scope of the study. Chapter 2 has been published while chapters 4 and 5 are currently under review for 
publication in peer-reviewed journals. Chapter 3 has been accepted for publication in a conference proceeding. 
Chapters 6 to 8 contains prepared manuscripts ready for submission to relevant peer-reviewed journals. The 




Alade AA, Naghizadeh Z, Wessels CB, Tyhoda L. Published. A review of the effects of wood preservative 
impregnation on adhesive bonding and joint performance. 
 This paper presented a focused review on adhesion-related properties of wood and post-preservative
impregnation modification effects on adhesive bond performance. The review aimed to draw attention
to the challenges with bonding preservative-treated wood and possible areas for research targeting
bonding improvements.
Chapter 3 
Alade AA, Naghizadeh Z, Wessels CB. Conference proceeding. Treatability of South African-grown 
Eucalyptus grandis with water-borne copper azole and disodium octaborate tetrahydrate wood preservatives. 
 This paper presented the variation in the treatability of the sapwood and heartwood of sawn E. grandis
and the influence of wood density on its permeability. The aim was to establish the penetrability of
the wood portions towards targeting desired preservative retention levels in sawn E. grandis.
Achieving sufficient retention is crucial to the durability of treated woods and considering E. grandis
is refractory; this becomes more important for the overall scope of this study.
Chapter 4 
Alade AA, Naghizadeh Z, Wessels CB, Stolze H, Militz H. Under review. Adhesion performance of melamine-
urea-formaldehyde joints of copper azole-treated Eucalyptus grandis at varied bonding process conditions. 
 This paper focused on a preliminary screening investigation of various parameters to identify critical
bonding variables that are most influential on adhesive-bond performance in treated joints. It examined
18 different process routes spanning across eight wood, preservative, and adhesive bonding
parameters. The study provided the basis for factor selection for further improvement in the process
pathways, and mechanical properties of the laminated joints.
Chapter 5 
Alade AA, Naghizadeh Z, Wessels CB, Stolze H, Militz H. Under review. Characterizing surface adhesion-
related chemical properties of copper azole and disodium octaborate tetrahydrate-impregnated Eucalyptus 
grandis wood 
 This paper focused on the fundamental changes in the surface adhesion-related chemical
characteristics of preservative-treated E. grandis with emphasis on modifications as per the sapwood
and heartwood. It provided comprehensive knowledge on the interactions between wood and
preservative chemicals thus enabling prerequisite knowledge for adapting process routes to achieve
better adhesive bonding. It focused mainly on the chemical functionalities of the E. grandis wood




Alade AA, Naghizadeh Z, Wessels CB, Stolze H, Militz H. Unpublished. Wettability and surface free energy 
characterization of copper azole and disodium octaborate tetrahydrate-impregnated E. grandis wood. 
 In the context of a broader aim to understand the fundamental changes in adhesion characteristics, this
paper presented the post-impregnation effect of preservative chemicals on the surface thermodynamic
behaviour of E. grandis in terms of wettability and free energy properties. These properties are crucial
to the adhesive-bond formation and mechanical properties of bonded joints. This paper provided a
significant contribution to the adaptation of the bonding process for enhanced adhesion via mechanical
interlocking.
Chapter 7 
Alade AA, Naghizadeh Z, Wessels CB, Stolze H, Militz H. Unpublished. Compatibility of preservative with 
adhesive in Eucalyptus grandis joints. 
 This paper focused on the combinatory effect of preservative chemicals and structural adhesive
systems on bond performance in treated-laminated E. grandis joints. It provided an expansive
evaluation approach to the mechanical properties of E. grandis joints on the premise that include the
effects of sapwood-heartwood, treatment concentrations, and adhesive preparation basis.
Chapter 8 
Alade AA, Naghizadeh Z, Wessels CB, Stolze H, Militz H. Unpublished. Improved adhesive-bond 
performance in copper azole and disodium octaborate tetrahydrate-treated Eucalyptus grandis joints 
 Below standard mechanical properties of preservative-treated adhesive-bonded E. grandis composites
were observed in previous investigations (chapters 4 and 7). This paper presented the process
compatibility of three adhesive systems for satisfactory bonding of preservative-treated E. grandis
laminates. It established suitable pathways, including a more environmentally sustainable process, for
manufacturing durable E. grandis adhesive-bonded joints with satisfactory mechanical properties.
This paper presents processes that could be adopted for manufacturing preservative-treated E. grandis
for structural applications in tropical and subtropical environments.
The paper chapters are formatted according to the requirements of the journals they are submitted or will be 
submitted. Hence, the difference in chapter formats. 
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Abstract 
In recent times, mass timber products have encouraged renewed interest in wood as raw material for 
more sustainable building and construction. However, durability concerns due to wood susceptibility to 
biodegradation could curtail this interest. Hence, there is a need for more durable wood products in 
emerging structural applications including the use of preservative-treated wood for composite and mass 
timber products. This is particularly crucial in tropical and subtropical environments where wood 
products are highly vulnerable to biodeterioration. Unfortunately, preservation treatment often adversely 
affects other wood properties such as the surface adhesion characteristics and adhesive-bond 
performance. Therefore, this review focused on the adhesion characteristics of wood, the impact of 
preservative impregnation, and the resultant effect on adhesive-bond performance. The aim is to draw 
attention to the challenges with bonding preservative-treated wood, and possible areas for research 
targeting bonding improvements. 
Keywords: Wood preservation; wood durability; adhesion; wood composites; surface adhesion 
properties. 
1. Introduction
Wood utilization for structural purposes is currently growing and evolving in relatively new applications that 
include medium and high-rise structures through mass timber innovations [1–9]. The emergence of high-
strength, lightweight, vibration-resistant, and prefabricated adhesive-bonded wood composite, principally 
cross-laminated timber (CLT), is promoting the drive for modern structural designs and modular constructions 
with wood [3,5,6,10,11]. Despite the progress in mass timber technology, the susceptibility of wood to 
biodegradation still poses a challenge [12–16]. Consequently, the use of mass timber products is mostly 
implemented in temperate regions like parts of Europe and North America where there are minimal 
biodeterioration threats [1,5,8,9,15]. On the other hand, wood vulnerability to biodeterioration is of major 
concern in tropical and subtropical environments [17,18]. Thus, the global implementation of untreated wood 
products such as CLT is hindered by durability concerns [8,15]. Faria et al. [17] noted that producing structural 
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composites with satisfactory mechanical properties, durability against environmental and biological 
degradation is challenging. However, successful integration of wood preservation into mass timber technology 
would globally favour wood product resurgence in structural applications. 
Wood as an organic material and in its natural form is susceptible to attacks by organisms that include 
fungi, termites, and beetles that utilize the wood as a source of food and habitat thereby causing severe 
biological damages to wood products and structures [15,19]. Dating as far back as the pre-diluvian period, 
measures that include use of natural oil and pitch coating to prevent wood damage, later termed wood 
preservation, has been employed to ensure long service life of wood products. The advancement of science in 
wood preservation has led to different categories of wood treatment against biodeterioration agents mostly 
fungi and insects to prolong wood utilization in service and is well documented in the literature [20–24]. Wood 
treatments such as thermal modification [25–28], chemical preservation [12,15,23,29,30], and chemical 
modifications through acetylation, furfurylation, and resin impregnation [31–35] are used to improve wood 
durability against biodegradation. Treatments such as thermal and chemical modifications predominantly 
make the wood less hydrophilic thereby controlling moisture ingress to reduce dimensional instability and also 
create a less favourable environment for fungal development in the wood [36,37]. On the other hand, 
impregnation with chemical preservatives makes the wood unpalatable and toxic to biological organisms such 
as termites and beetles thereby preventing attacks on treated wood by these organisms. These wood 
preservation measures, depending on the degree of treatment, enable the utilization of wood in applications 
that include interior, exterior, above-ground, ground contact, and in marine environments. Nonetheless, 
durability treatments alter the physicochemical and mechanical properties of wood at varying degrees 
depending on the treatment process [35,38]. The resultant modifications could also affect the surface adhesion 
properties of treated wood and adhesive-joint performance in several ways [16]. For example, heat treatment 
could improve wood-adhesive bond performance by reducing the effect of dimensional instability stresses on 
cured adhesive bonds [39]. On the other hand, there is a tendency for poor adhesive distribution on 
hydrophobic wood surfaces due to decreased wettability connected to heat treatment [28,39]. Likewise, the 
surface free energy [40], chemical composition, and flexural properties [41] of wood vary with heat treatment. 
Earlier reports have documented reduced polarity, higher hydrophobicity, poor wettability, and weak adhesive 
bonding of heat-treated wood [39,42–45]. Mirzaei [46] reported that hydrothermal treatment adversely 
affected the wettability, surface roughness, and delamination of poplar wood glulam. Sernek et al. [39] found 
that the bond quality and durability of Norway spruce, poplar, Douglas fir, and alder joints bonded with 
different adhesive systems that included melamine-urea-formaldehyde (MUF), phenol-resorcinol-
formaldehyde (PRF), and polyurethane (PUR) were adversely affected by heat treatment at varying degrees. 
Similarly, wood modification such as acetylation substitutes the hydrogen atoms of hydroxyl groups (OH) in 
wood with an acetyl group. This prevents the blocked OH from further reactivity [32] making the wood less 
polar and hydrophobic [47]. These study examples showed that wood properties are prone to significant 
adhesion modifications post-preservation treatments. The impacts of such modifications on adhesion 
characteristics must be sufficiently investigated [16] and understood for efficient use of treated woods as 
structural composite materials. 
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Chemical preservation with water-borne copper- and boron-containing chemicals is the most utilized 
and commercially available durability treatment for wood products [1,48–50]. However, chemical preservation 
treatment also affects wood adhesion and mechanical properties [37,51]. Faria et al. [17] reported reduced 
modulus of rupture, static bending, bondline shear strength, and severe delamination in chromated copper 
arsenate (CCA) and copper chrome boron (CCB)-treated rubberwood glued laminated timber bonded with 
epoxy adhesive. The reduced adhesion strength was attributed to changes caused by preservative 
impregnations on wood surface properties that include pore blockages and reduced wood molecular interaction 
with adhesive. Such findings emphasize that the adhesive bonding of preservative-impregnated wood still 
requires considerable attention to advance the integration of wood preservation into mass timber technology 
[52]. Therefore, this review focused on the fundamental adhesion characteristics of wood, how preservative 
impregnation affects wood surface adhesion properties and the effect on adhesive-bond performance. Finally, 
we drew on probable ways to improve the adhesive bonding of preservative-treated wood to enhance the global 
implementation of solid wood composite products. 
2. Surface adhesion
Adhesion of solid materials is a surface phenomenon with intricate physical and chemical links in the formation 
of adhesive-bond [53,54]. It is influenced by several factors that include adherend type [53,55], surface 
properties [53] such as porosity, roughness, pH, and chemical functionality [53,56,57], free energy [16], 
adhesive system  [55], wood-adhesive interface [53,55], and bonding conditions such as temperature, pressure, 
adhesive spread rate, and assembly time [31,57,58]. Baldan [53,55] presented comprehensive reviews on the 
surface and interfacial properties of materials, bonding mechanisms, adhesive systems, thermodynamic 
theories of adhesion, surface pre-treatments, and environmental influence on bond durability and performance. 
The author explicitly discussed the relevance and importance of surface characteristics of materials that include 
wettability and contact angle, surface free energy, interfaces, and surface roughness on the adhesion 
mechanism. 
According to Frihart [59], adhesive bonding of wood is relatively easier compared to other solid 
materials but preservative impregnation lessens wood bondability. Similarly, adhesive viscosity and cure could 
be altered on preservative-impregnated wood surfaces [60]. Temiz et al. [13] reported that the preservative 
type, retention, and interaction with polymeric molecules on wood surfaces have a direct influence on MUF 
adhesive-bond strength in plywood panels manufactured from beech veneers. Frihart [60] noted that due to the 
intricate nature of wood and adhesive systems no general solution can be applied to solve bonding challenges 
caused by wood treatments. Moreover, new preservative formulations and adhesives systems are emerging. 
Therefore, more understanding of the bonding process and influential parameters are crucial for the synergy 
of wood preservation and bonding. Hereafter, we consider how wood treatment with preservative chemicals 
affects notable adhesion properties that include wettability, surface free energy, interfacial tension, surface 




The wettability of a solid material describes the ease of flow and penetration of a liquid or adhesive to ensure 
adequate wetting of the material’s surface [40,61,62]. Surface wettability is a topical issue due to the impact 
on the gluability of adherends, adhesion process, and adhesive-bond strength and durability [61,63–65]. It can 
be explained in terms of the contact angle between a liquid or adhesive and the adherend surface [61,63]. Qin 
et al. [66] noted that contact angle measurements are difficult on wood surfaces due to amplified contact angles 
caused by fine-scale roughness and the phenomenon of contact angle hysteresis. However, technological 
advancement has simplified this process with drop shape analysis that enables quick and precise measurement 
of contact angles on wood. Typically, a high contact angle is associated with poor wetting of the adherend 
[57,61], and higher interfacial stress between adhesive and wood surface which reduces the bond quality [53]. 
Wettability and penetration of liquid/adhesive into wood depends on micro-voids and roughness 
across the wood surface among other factors [53]. The adhesion between the wood surface and adhesive is 
influenced by surface roughness and could be evaluated using the difference between advancing and receding 
contact angles [55]. Usually, the porous and hygroscopic nature of wood makes it easy to be wetted and 
penetrated by liquid or adhesive. Nonetheless, when treated with chemical preservatives, solid deposits of the 
active components in treating solutions occupy the micro-voids in wood through fixation processes. This could 
significantly change the roughness, wetting, and adhesion properties of the wood [60]. Research studies have 
shown the effect of some preservative chemicals on the wettability and contact angle of lignocellulosic 
materials. Aydin and Colakoglu [51] reported poor wettability of alder and beech veneer surfaces after borate 
treatment. The authors reported increased contact angles of urea-formaldehyde (UF) resin drop by approx. 
41% and 46% for alder, and 52% and 26% for beech veneers treated with borax and boric acid, respectively. 
Maldas and Kamdem [67] reported higher contact angle and poor wetting of CCA-treated red maple by water, 
glycerol, and phenol-formaldehyde (PF) resin. The authors found that crystalline solids of the active 
ingredients in the treatment chemical occupied the treated wood cell wall. This makes the CCA-treated wood 
surface hydrophobic and difficult to penetrate by the PF resin. 
Furthermore, preservative chemical deposits could reduce contact between adhesive and wood 
components at the molecular level [68,69]. The active ingredient elements could also be chemically fixed to 
active functional groups in wood thereby limiting the available reactive sites for chemical bonding with 
adhesive components [68]. Hanim et al. [70] investigated wettability changes in bamboo treated with 
permethrin-based light organic solvent preservative (LOSP), 10% disodium octaborate plus 2% benzalkonium 
chloride (DO-BAC), tributyltin oxide (TBTO), and borax. The authors reported that LOSP, TBTO, and DO-
BAC treatments increased the contact angle by approx. 78%, 50%, and  33%, respectively. Contrary, borax 
treatment caused a 50% contact angle reduction. The authors attributed the low surface wetting of LOSP–
treated samples to the hydrocarbon solvent. Tascioglu et al. [71] also reported poor surface wettability of 
preservative-treated wood and E-glass/phenolic composite due to the presence of hydrocarbon solvents. The 
electronegativity of carbon and hydrogen atoms differ by a small value (approx. 0.4) hence hydrocarbons are 
non-polar and repulsive to polar solvents such as water. Similarly, TBTO is a known organotin compound 
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with characteristic poor solubility in water. The deposition of tin from TBTO preservatives could cause poor 
wetting by physically blocking liquid penetration into the wood [70]. Faria et al. [17] found in the measurement 
time of 5 and 55 seconds that epoxy resin showed the lowest mean contact angle value with untreated 
rubberwood compared to CCA-, CCB-, and Pyrethroid-treated rubberwood samples. The spread of the epoxy 
on the surface of the untreated rubberwood was higher due to the greater permeability thus easing the adhesive 
wetting. 
Characteristically, a contact angle above 90 degrees indicates a hydrophobic (non-wettable) surface 
[72,73] while excellent wettability is achievable at contact angles below 30 (inclusive) degrees [61,66,74]. 
Although wettability improves adhesion, rapid wetting could also cause poor adhesive-bond development due 
to starved joints [62]. Therefore, adequate wetting does not guarantee good adhesion because optimum 
adhesion is achieved only when there is enough and fully cured adhesive in the bondline [64]. Thus, alongside 
wettability, other required adhesion properties must be sufficiently maintained. 
2.2. Surface free energy 
The free energy on the surfaces of solid materials provides a measure of the interatomic and intermolecular 
attractive forces on the solid surfaces [53,75]. Similar to wettability, surface free energy can be estimated from 
contact angle measurements [61,65]. Methods and equations for the calculation of surface free energy 
components viz. disperse and polar, have been described by Dos Santos and Goncalves [76]. The surface free 
energy is a parameter that enables more information on the impact of wood-adhesive interaction on bond 
integrity and performance [61,66,77]. The structure and properties of atoms and molecules present at the 
surface of solids, including wood, differ from those within the material’s bulk [55,78]. Contrary to the bulk, 
molecules at the surfaces have unbalanced forces due to unattached bonds [55,57]. These unstable forces 
disrupt the equilibrium of the surface and create excess energy known as surface free energy [53,55]. The 
surface free energy is responsible for the strong surface attraction forces that enable material adhesion and is 
associated with adhesive-bond strength and stability [53,78,79]. However, wood preservative chemicals 
influence wood surface free energy in different ways [80]. Zhang et al. [81] reported that the surface energy 
of southern yellow pine increased after treatment with CCA type C (CCA-C). Likewise, Tascioglu et al. [68] 
found that the total surface energy of southern yellow pine increased when impregnated with CCA-C but 
decreased with copper naphthenate (Cu-N) treatment. On the other hand, the authors found that the total surface 
energy of fibre-reinforced polymer (FRP) composites was reduced by both CCA-C and Cu-N treatments. 
Maldas and Kamdem [82] also reported that CCA treatment caused changes in the surface energy components 
of red maple. The dispersion and Lifshitz-van der Waal components increased whereas the polar and base 
components decreased. Surface energy influences the adhesive-bond formation and is related to the contact 
angle as defined by Young’s equation [53]. When wood is impregnated with a preservative that resultantly 
lowers the surface energy, this would cause the wood to become hydrophobic. In essence, high surface energies 
are associated with hydrophilic surfaces [75]. Surface free energy, contact angle, and wettability are closely 
related and connected to bond strength [74]. Therefore, surface free energy is critical to wood adhesion in that 
higher surface free energy promotes wettability and adhesive bond development [31,61,83]. 
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The surface free energy of wood is also influenced by machining and/or mechanical pre-treatment. 
Sanding, for example, influences the morphology and chemical components of wood surface, and 
consequently the surface free energy and wettability [66]. Gindl et al. [64] reported significantly reduced 
surface free energies on sanded and microtomed wood surfaces. The authors noted that sanding mainly reduced 
the disperse component of the surface free energy whereas microtoming mainly decreased the polar 
component. Zhiyong et al. [77] found that the total surface free energies of planed and sawn wood are 
comparable but higher than that of rotary-processed wood. Liptakova et al. [84] conducted a study to determine 
the surface free energy of mechanically pre-treated wood surfaces that included microtomed, milled, and 
ground wood surfaces. The authors reported that changes in morphological, chemical, and surface free energy 
components characterized the milled and ground surfaces. In another study, Gindl et al. [85] reported lower 
contact angles and increased surface free energies on sanded surfaces compared to microtomed surfaces. The 
observed changes were attributed to the electron donor components via the acid-base approach and heavily 
torn fibres on sanded surfaces as revealed by scanning electron microscopy. Qin et al. [66] reported a decrease 
in surface free energy of sanded-aged-wood surface mostly due to a reduction in the polar component, whereas 
both the polar and disperse surface free energy components in sanded-fresh-wood increased. This finding 
suggests that aging has a significant effect on the intermolecular force of attraction on wood surfaces. 
2.3. Interfacial tension 
The interfacial region between adhesive and wood possesses properties that are different from the actual 
properties of the individual materials. At the interface, both the physical process and the chemical reaction that 
aids bond formation begins and is intensified. Bond integrity, performance, and serviceability of the adhesive 
joint depend on the adhesive-substrate interface making it a crucial parameter in the adhesion phenomenon 
[53].  However, the adhesive-wood interface is naturally more vulnerable to deformation and fracture [53]. 
The interfacial tension between adherend and adhesive is an important criterion; the lower the interfacial 
tension, the higher the joint strength [86]. Furthermore, the conditions for minimum interfacial tension are 
identical to those for the maximum adhesion tension and the maximum penetration of the adhesive [86]. The 
low strength properties of adhesive joints have been related to stress distribution changes and singularity at the 
boundaries of the adhesive-adherend interface [53,87]. 
A weak wood-adhesive interface could result from a premature resin cure [60]. Frihart [59] and 
Miyazaki et al. [88] reported accelerated PRF resin cure in the presence of copper azole (CA) and ammoniacal 
copper quat (ACQ). The curing of amino resins such as MUF is also accelerated by the amine component in 
CA [89]. Vick [90] observed limited PF adhesive penetration in Cu-N and ammoniacal copper arsenate (ACA) 
treated wood. Interface failure could also occur due to adhesive over-penetration (i.e., deep flow of the 
adhesive into the core layers of the wood such that starved joint or bondline are created), and mechanically or 
chemically weak boundary layer. Vick et al [91] noted that preservative chemicals could suppress condensation 
reaction which could in turn slow down resin cure as found with phenolic bonds by Raknes [92] and created 
starved joints. Miyazaki and Nakano [93] reported delay in resorcinol-formaldehyde (RF) cure in the presence 
of copper preservative. In essence, wood treatments that compromise the integrity of wood-adhesive interface 
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would result in poor adhesion strength. The joint interface is a lesser macroscopic topic that still requires a lot 
of research attention [53]. 
2.4. Surface roughness 
Sancaktar and Gomatam [78] noted that at the molecular level, engineering material surfaces are rough. 
Surface roughness is one of the material characteristics of interest in adhesive-joint assembly [94]. A slight 
change in roughness could significantly alter the contact point of liquid or adhesive with the wood surface. 
Surface roughness varies due to wood anisotropy and anatomical properties [95–97]. For example, the open 
lumens at the cross-sectional surface of wood, and the bigger cell lumen of the earlywood portion give more 
structural roughness. Therefore, due to compositional variation, every layer of wood has distinct surface 
topography and hence a different degree of surface roughness. Both surface free energy and wettability are 
influenced by surface roughness. El Abed [98] reported that the surface roughness and wettability of 
cedarwood are linearly correlated. Sinn et al. [64] observed higher surface energies with increased surface 
roughness. Subsequently, the authors observed a roughness threshold point where the total surface energy 
began to decrease. This is attributable to the maximum disperse component of the surface free energy attained 
at a grain size (i.e., roughness) of 250 µm as found by the authors. The authors also noted that the disperse 
component is the main contributor to the surface free energy changes. This further explains the reduction in 
surface free energy at higher roughness levels above 250 µm but with reduced disperse component of surface 
free energy. 
Wood processing methods also influence surface roughness [66,99]. Processes such as sawing, 
planing, slicing, and sanding influence the wood surface roughness by cutting fibres open, or damaging the 
cell wall. However, these processes impact the wood surface roughness at different degrees. Unlike planing, 
wood surface roughness is almost eliminated by sanding depending on the sandpaper grit size [66,100]. Qin et 
al. [66] reported that sanding significantly reduced the surface roughness of poplar wood, and increased the 
contact angle indicating poor wettability. Contrary, Jankowska et al. [99] reported high roughness and good 
wetting of the sanded surface of European oak wood. The predominant effect of surface roughness in wood 
bonding is enhanced mechanical interlocking of adhesive [86]. Many adhesion improvements by surface 
treatments are achieved through the surface roughening effect but could also limit adhesive penetration or 
cause premature gelation [78]. The required surface roughness level for improved adhesive bonding varies 
with wood species, adhesive systems, and applied pressure [55,94]. 
The impacts of some wood treatments on the surface roughness are reported in the literature. Ozdemir 
et al. [101] found that surface roughness and adhesion strength depended on wood species and the chemical 
composition of preservatives. The authors reported higher mean surface roughness of pine, beech, and chestnut 
woods impregnated with water-borne preservatives (WBP) – CCA, Tanalith E, and boric acid compared to 
untreated samples. However, the authors found that Immersol aqua-impregnated (an organic solvent-based 
preservative) wood surfaces had lower mean surface roughness compared to untreated samples. The increased 
surface roughness due to the WBP treatment was attributed to increased surface porosity and raised fibres. The 
reported adhesion strength showed a different trend compared to surface roughness. Only boric acid treatment 
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had a mean adhesion strength higher than that of untreated samples. This indicates that increased surface 
roughness does not guarantee better bonding. Maldas and Kamdem [67] reported a rougher but more 
hydrophobic CCA-treated wood surface. Temiz et al. [97] stated that copper binds with polymeric molecules 
in wood thereby contributing to a rougher wood surface. Formed crystals on boric acid-treated wood have also 
been attributed to increased surface roughness in treated woods like spruce, scot pine, oriental beech, and 
chestnut [101,102]. On the other hand, Aydin and Colakoglu [51] found no significant change in surface 
roughness of borax and boric acid-treated alder and beech veneers. This affirms the report of Ozdemir et al. 
[101] that surface roughness is influenced by species and preservative composition. In summary, wood surface
roughness is a complex phenomenon influenced by several factors that include tree growth characteristics,
anisotropic property, wood machining, seasoning process, and wood treatment thus should be broadly
investigated [97,103].
2.5. Surface pH 
Wood surface pH and buffering capacity, adhesive type (acid-catalysed or alkaline), and bondline pH stability 
are important adhesion parameters that impact adhesive cure and bond formation [68,104]. The pH affects 
wood properties, and different adhesive systems require different pH ranges to allow sufficient reactions 
needed for proper cure [54]. Huang et al. [105] pointed out that wood-adhesive interface and bondline could 
be affected by extremely low or high pH. Typically, pH fluctuations at the adhesive-wood interface can retard 
or accelerate adhesive cure [39,106]. Park et al. [107] reported that the UF resin curing rate was influenced by 
wood acidity which resultantly affected the internal bond strength in medium density fibre panels. Xing et al. 
[104] also noted that UF resin gelation time, pH, and buffering capacity of wood material are linearly related.
Wang et. al. [106] investigated the natural capability of different wood samples that include Douglas
fir, pine, spruce, and aspen to buffer highly acidic and alkaline adhesives. The authors found that wood 
presence mildly increased the pH of MUF (an acid-catalysed adhesive) whereas PF (an alkaline adhesive) was 
significantly buffered. Huang et al. [105] also reported significant bondline pH reduction in spruce and 
Douglas-fir joints when bonded with alkaline phenolic adhesive as opposed to the negligible changes observed 
with acidic melamine-based adhesive. The authors found that hydroxyl ions (OH¯) easily diffused out of 
adhesive bond lines in joints bonded with alkaline adhesives. For acidic adhesives, hydrogen ions (H+) 
migration also occurred but under extreme wet conditions. The neutralization of the alkaline adhesive was 
attributed to the dissociation of weak lignin’s phenolic acid (C6H5OH) and hemicellulose’s acetyl groups 
(CH3CO) in wood. The authors noted that the carboxylic acid groups (R-COOH) in hemicelluloses dissociated 
at both dry and wet tests in the alkaline PF adhesive-bonded joints. The degradation of hemicelluloses, 
especially the glucomannan component, under alkaline conditions [105,108], has a significant influence on the 
fracture mechanics of wood cell walls [108]. 
Preservative impregnation alters wood pH. Aydin and Colakoglu [109] reported changes in alder and 
beech wood pH after treatments with borax, boric acid, and ammonium acetate preservatives. Maldas and 
Kamdem [67] reported changes in surface pH of untreated red maple wood from 6.6 (± 0.13) to 5.9 (± 0.17) 
when treated with CCA.  pH instability at the adhesive bond line could also occur when bonding preservative-
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treated woods considering changes in wood buffering capacity. Thus, pH and buffering capacity compatibility 
must be ensured for better bond development and adhesive-joint quality. The use of buffer agents could help 
achieve pH stability where necessary. Huang et al. [105] stated that strong acidic and alkaline buffered 
solutions preserve the chemical composition of wood polymers. Zanetti and Pizzi [110] also reported that 
hexamine compounds used as buffer agents improved the internal bond strength of cured MUF resins even at 
low concentration levels (1 – 5% w/w). The authors noted that more crosslinking and less degradation could 
be achieved within the right pH range. Xing et al. [104], however, noted that if bonding parameters such as 
press and assembly times are not adapted for pH ranges at the adhesive-wood interface, poor bonds could still 
develop due to uncured or accelerated-cured adhesive bond lines. 
2.6. Surface chemistry 
The chemical functionality and elemental composition of wood surfaces are important in adhesion mechanisms 
[53]. Wood has several functional groups and/or reactivity sites that include hydroxyl, carbonyl, and carboxyl 
groups [111]. The interaction between the functional groups on a wood surface and adhesive components plays 
a significant role in the development and durability of adhesive bonds [53,55,78]. The nature of the chemical 
bond formed depends on the intensity of the different bonds thus affecting adhesion via chemical bonding 
[54,57,112]. Baldan [53] noted that bond durability is related to adherend’s surface chemical composition. The 
chemical composition of wood surfaces influences the wettability and reactivity with adhesive [78]. For 
instance, an increase in carbon and reduction in oxygen atoms on the wood surface reduces the polar character 
of wood making the surface relatively hydrophobic [64]. Hence, changes in the chemical nature of wood 
surface would impact its gluability and adhesion performance. 
Wood preservatives have been reported to cause modifications in the chemical properties of treated 
woods. Maldas and Kamdem [67] reported a more oxygenated surface and consequently higher oxygen-carbon 
ratio in CCA-treated compared to untreated wood. Vick and Kuster [113] noted that the presence of 
preservative chemicals on treated wood surfaces limits adhesion opportunities via covalent or hydrogen 
bonding between wood and adhesive molecules. Tame et al. [49] noted the affinity of copper to wood 
molecules. Such reactions include copper reactivity with OHs in the wood [114–116], copper-amine-wood 
ligand exchange [115],  and copper complexes with cellulose [113], and lignin [116]. Likewise, there is a 
complexation reaction between boric acid (produced when boron-oxygen compounds react with wood 
moisture) and alcohol in the wood [12,117]. Such reactions alter the chemical environment on the surface of 
preservative-treated wood and are largely responsible for the adverse effects on adhesive-bond development 
as discussed in the next section further below. 
Similarly, mechanical treatment of wood surface such as sanding before adhesive bonding alters the 
morphology and chemical composition of wood surfaces and consequently affects adhesive bond formation 
[64]. Gunnels et al. [118] noted that thermal loading during sanding altered the chemical composition of the 
sanded surface. Sinn [64] also confirmed that sanding alters the chemical composition of wood surfaces. 
Studies have shown more carbon presence on smoother surfaces, increased acidity on fine-sanded surfaces 
than rough-sanded surfaces [56], and changes in O/C ratio and C–O bond/(C–C plus C–H bonds) ratios [81]. 
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Likewise, plasma treatment reportedly increased and decreased the polar and non-polar components on wood 
surfaces respectively [57,119]. Seki et al. [112] reported the introduction of polar groups that include carbonyl 
and carboxylic acid on oxygen plasma-treated surfaces. 
In-depth knowledge of the changes in wood chemical character due to preservative impregnation 
would assist in the choice of compatible preservative and adhesive systems [120], as well as adapting bonding 
process conditions. All the surface adhesion properties discussed above are important for satisfactory 
adhesive-bond and joint performance. However, they are subject to the influence of preservative impregnation 
in treated wood composites. The impact of wood preservation on adhesive bonds is also dependent on the type 
and composition of the preservative chemicals as discussed in the following section. 
3. Wood preservation effects on adhesive bonding
Wood impregnation poses several challenges to adhesive bonding [37,121]. Tascioglu et al. [71] noted that 
post-manufacture treatment has a lesser effect on PRF adhesive-bond delamination compared to pre-
manufacture treatment. However, the former is unsuitable for large mass timber elements such as CLT. MUF, 
MF, PF, and RF adhesive-bonds development in preservative-treated composites reportedly varied with 
treating chemical type and composition [89]. As earlier mentioned, wood impregnation with waterborne 
chemicals is the most common and commercially available wood treatment method [1,48–50]. The presence 
of these chemicals often reduces wood wettability, creates barriers against adhesive flow and penetration into 
the wood, interferes with adhesive cure depending on the adhesive system, and adversely affects adhesive-
bond formation [37,122]. Yalcin and Ceylan [80] noted that the chemical composition of preservatives is an 
important factor in the adhesion strength of treated woods. Bondline shear strength and delamination resistance 
are the main response variables for assessing the quality and durability of adhesive joints [70]. The influence 
of different preservative chemical systems that include copper-based, boron compounds, organic solvent-
based, and natural compounds on adhesive-bonded composites are discussed hereafter as per the impacts on 
bond quality and durability. 
3.1. Copper-based preservatives 
Copper-containing compounds are the predominant preservative formulations for wood treatment due to their 
highly effective fungicidal and insecticidal properties [23,50,123]. Temiz et al. [13] noted that copper-based 
preservatives could inhibit adhesion and reduce bond performance. Faria et al. [17] observed thicker epoxy 
adhesive bond lines in CCA and CCB-treated rubberwood due to limited resin penetration beyond the treated 
surfaces. This adversely affected mechanical interlocking and bonding between the treated woods and adhesive 
thereby causing a weak epoxy adhesive bond. Copper chemically binds with wood molecules [49]. Copper 
ions released from preservative solutions could fix with certain functional groups in wood polymers such as 
the hydroxyl and methoxy groups. The reactivity of preservative chemical elements could influence wood 
characteristics and adversely affect properties such as mechanical strength and adhesion [17]. Thus, different 
copper-based preservative formulations affect adhesion strength differently. Vick [90] found that the copper-
based preservative type (waterborne emulsions - copper octoate (CuO) and Cu-N, and waterborne salt 
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preservative - ACA), retention level (0.2 – 0.6 pcf), and assembly time (10 – 20 min) had significant impacts 
on the bonding of aspen veneer with PF resin. The author reported that although Cu-N and ACA interfered 
lesser with the overall bonding, insufficient resin penetration was observed in both the Cu-N- and ACA-treated 
wood. This suggests a barrier layer was created by the fixed chemical elements. The higher bond failure the 
author observed in CuO-treated veneers was attributed to the over-penetration of PF adhesive. He also found 
that extended close assembly time (20 min) improved PF adhesive bond formation in Cu-N-treated joints. This 
finding suggests that an increase in the assembly time allows more reactivity between the components of the 
PF resin and Cu-N preservatives. In a separate study, Vick et al. [91] reported that higher retentions of 
ammoniacal copper zinc arsenate resulted in poor PF adhesive-bond. However, the combination of copper and 
didecyl dimethyl ammonium chloride yielded a satisfactory bond. These findings showed that adhesive bond 
development in treated wood depends on the preservative chemical composition and subject to other factors 
such as concentration, assembly time, and adhesive penetration. 
Lee et al. [89] noted that wood species and adhesive composition influence copper-treated joint 
performance. Segundinho et al. [124] reported that no adverse effect of CCA and CCB impregnation was 
observed on the mechanical properties of Oocarpa pine glulam beam bonded with PRF and PUR adhesives 
whereas both teak and Lyptus glulam beams were adversely affected. Moreover, adhesive bond line 
delamination was reported in the Lyptus glulam beams. Lee et al. [89] reported varied dry shear strength for 
CCA, CB-HDO, and CA-treated softwoods (Korean pine and Japanese larch) bonded with PF, MF, MUF, and 
RF adhesives. The RF resin recorded the strongest bonds observed in both the untreated and preservative-
treated woods. However, Miyazaki and Nakano [93] reported that RF resin cure is inhibited by copper 
presence. UV and IR spectroscopies and torsional braid analysis revealed the copper impact on the resorcinol 
ring. The authors reported a decrease in methylene bridge and cross-linking density as molecular chain 
mobility increased with an increase in copper content. On the other hand, Vick and Kuster [113] found that 
CCA deposits formed a barrier against adhesive penetration rather than inhibiting adhesive cure. This 
substantiates the suggestion that preservative-adhesive compatibility is crucial for adhesive bonding in 
preservative-treated joints [95]. 
CA and ACQ are two prominent replacement wood preservative chemicals for the traditional but 
restricted CCA [126]. The chemistries of ACQ and CA preservatives are different from CCA [59,122]. The 
copper contents in wood treated with ACQ and CA are not firmly bound as that in CCA-treated wood [91,122]. 
Frihart [59] reported a higher delamination rate in CA-treated (2 – 8.9%) and ACQ-treated (6.5 – 44%) joints 
bonded with PRF adhesive compared to CCA-treated (0.4 – 1.2%) and untreated (1.7 – 3%) joints. Using 
differential scanning calorimetry, the author found that the copper component of both CA and ACQ treatments 
accelerated the curing rate of PRF adhesive. Yang et al. [14] found that ACQ treatment affected the shear 
strength of beech, hard maple, and red oak hardwood glulams bonded with RF adhesive but recorded no 
adverse effect on the joints delamination. Gaspar et al. [121] reported increased delamination but improved 
adhesive bond line shear strength in softwood glulam made from CA-treated maritime pine with PRF face-
bonding and MUF finger-jointing. Miyazaki et al. [88] reported that neither ACQ nor CA preservatives 
adversely affected the wettability or cure of PRF adhesive in Japanese larch wood. For a non-water-borne 
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copper formulation, Lim et al. [10] investigated the effect of micronized copper azole (MCA) treatment on 
southern yellow pine CLT bonded with different adhesive systems. The authors found that the MCA retention 
level caused a significant reduction in block shear strength and wood failure. The MF resin-bonded CLT was 
significantly affected at both low and high MCA retention levels investigated. However, RF and PUR-bonded 
joints were only significantly affected at low retention. At high MCA retention, both RF and PUR-bonded 
joints reportedly had comparable shear strengths to untreated samples. Furthermore, the authors found that 
increase in MCA retention caused higher bond delamination in MF and RF-bonded joints whereas PUR bonds 
exhibited excellent resistance to delamination at low and high MCA retention levels. Shukla and Kamdem 
[125] reported that MCA, CA type B (CA-B), and ACQ type D (ACQ-D) treatments had no significant effects
on the bonding properties of red maple laminated veneer lumber (LVL) bonded with PF or cross-linked
polyvinyl acetate (XPVAc) adhesives. The authors also reported earlier [126] that MCA, CA-B, and ACQ type
C (ACQ-C) caused no significant reduction in southern pine LVL bonded with PF and XPVAc. These varied
findings further affirm the importance of wood-preservative-adhesive compatibility towards achieving
satisfactory adhesive-bond performance in preservative-treated composites.
3.2. Boron compound-based preservatives 
Boron-based wood preservative systems are relatively inexpensive and have been used in wood preservation 
for many decades due to their broad-spectrum efficacy, being more environment-friendly with low mammalian 
toxicity, and relative ease of penetration achieved through diffusion mechanism in refractory wood species 
[12,114–120]. However, leaching is a major problem with the use of boron preservatives [130]. Therefore, the 
increased interest is aided by improved boron retention in wood through processes such as hydrogelation [131], 
reaction with quaternary ammonium compounds [127], two-phase impregnation process involving other 
components such as polyvinyl alcohol [132] and monoglycerides [133], tannin-assisted fixation [134], and 
several other strategies and systems itemized by Obanda [128].  Nonetheless, research findings indicated that 
some of the boron fixing methods could also lock the boron resulting in loss of biological efficacy [130]. 
Wood preservatives with compounds containing boron-oxygen bonds such as orthoborates, B(OR)3, 
could react with moisture in wood cell walls causing deposition of boric acid within the wood and undergo 
further reaction with alcohol to form complexes within wood [12,117]. Such reactions could limit chemical 
bonding opportunities between adhesive components and wood molecules thereby adversely affecting 
adhesive-bond formation. Borate preservatives interfere with the proper cure of resin due to the reactivity of 
borate ions with the reactive groups in certain adhesive systems [62]. Aydin and Colakoglu [51] reported 
reduced bond strength in UF-bonded alder and beech plywood panels treated with borax and boric acid 
preservatives. Ozcifci et al. [135] found that wood impregnation with boron compounds negatively affected 
PF-bond strength. The studies of Hanim et. al. [70] also showed that WBP formulations, mainly composed of 
10% disodium octaborate and 2% benzalkonium chloride, and borax treatments affected the shear strength and 
wood failure properties of laminates bonded with PF adhesive. Compared to untreated laminates, the authors 
found that the dry shear strength reduced by 23% and 76% for borax, and WBP–treated samples respectively. 
In wet tests, WBP–treated laminates delaminated completely while borax-treated joints had a wet shear 
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strength reduction of 21%. The authors noted that borate preservatives reduce gel time, impedes adhesive flow, 
and prevent the proper cure of PF resin due to reactivity of borate ions with the methylol groups of the PF 
molecules. It was also stated that the curing process of formaldehyde adhesives (polymerization) produces 
excess water in the adhesive bond line which retards bonding while insufficient water before polymerization 
would also hamper resin mobility and limit reactivity. This partly explains the importance of investigating the 
open and close assembly times for the bonding of preservative-treated wood. Vick et al. [91] reported that 
ammoniacal copper borate (ACB), ammoniacal pentaborate (AP), and disodium octoborate tetrahydrate (DOT) 
all caused poor bonding with PF adhesive. At 10 min close assembly time (optimum for all except AP) the 
shear strength of the borate-treated joints – ACB, AP, and DOT reduced by  29%,  77% (75% at 15 min 
optimum close assembly time), and 32%, respectively. In a similar trend, the wood failure percent reported 
were 96%, 68%, 0% (same at 15 min optimum close assembly time), and 23% for untreated control, ACB, 
AP, and DOT joints respectively. Similarly, the studies of Ozcifci [136] revealed that bond strengths of PF 
and MF-bonded joints were negatively affected by borax, boric acid, di-ammonium phosphate, and Tanalith-
C 3310 treatments. The results from investigations conducted by Alipon et al. [137] also revealed that DOT-
treated engineered bamboo had reduced mean shear strength and mean hardness compared to samples treated 
with LOSPs and varied with adhesive systems that included PVAc, UF, and PF-based adhesive formulations. 
Contrary, tannin-boron-hexamine treated pine and beech showed very good gluing properties with polyvinyl 
acetate (PVAc) adhesive [138]. This suggests the use of primer could mitigate the adverse effect of boron 
treatment on wood gluing. The findings further affirm the importance of compatibility between the boron-
based preservative and adhesive and are subject to other factors such as assembly time and the use of primer 
agents. 
3.3. Light organic solvent-based preservative 
Synthetic pyrethroids that include permethrin and deltamethrin are used as LOSPs and are commonly 
combined with other components such as bis (tributyltin) naphthenate (TBTN) or oxide (TBTO) to formulate 
effective wood preservatives [49]. Despite the low retention requirements, the few available studies have 
revealed that these formulations have a significant impact on wood bonding. Hanim et al. [70] reported 32 and 
45% dry, and 39 and 26% wet shear strength reductions in PVAc-edge-bonded and PF-face-bonded bamboo 
laminates due to permethrin and TBTO treatments, respectively. Faria et al. [17] reported reduced shear 
strength and high delamination in pyrethroid-treated rubberwood joints bonded with epoxy resin. Alipon et al. 
[137] found that different combinations of PVAc, UF, UF + isocyanate, and PF-based adhesives with LOSP
treatments that include permethrin, deltamethrin, and propiconazole had varied impacts on the MOE, MOR,
and shear strength of bamboo wood composite products. PVAc adhesive reportedly offered improved
mechanical properties than other adhesive tested regardless of preservative treatments. Deltamethrin-treated
joints reportedly had the highest shear strength recorded among the various treatments but not significantly
different from the shear strength obtained in propiconazole-treated samples. No adverse effect was observed
on bond shear rather the shear strength reportedly increased. The impact of LOSP treatments on wood bonding
still requires considerable research attention.
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3.4. Other synthetic chemical preservatives 
Some other chemical compounds used in the wood preservative formulation have also been investigated in 
few studies for their impacts on wood adhesion. Vick [90] found that Chlorothalonil (CTN) and zinc 
naphthenate (ZNN) emulsion treatments inhibited wood bonding with PF adhesive more than copper-based 
preservatives. Overpenetration of PF adhesive was observed in both CTN and ZNN-treated joints resulting in 
poor bond development. At optimum close assembly time, 20 min for ZNN, and 15 min for CTN-treated joints, 
the shear strength significantly reduced by 16% and 10% respectively compared to untreated joints [90]. In 
another study, Vick et al. [91] reported no adverse effect on the PF bonding of woods treated with didecyl 
dimethyl ammonium chloride (DDAC), DDAC with carbamate, sodium fluoride, and ammonium hydrogen 
difluoride. The authors noted that the carbamate in DDAC enhanced bonding at the interface thus enabling 8% 
improvement in shear strength compared to untreated joints. 
3.5. Natural compound-based preservatives 
With the restrictions on synthetic preservatives, natural compounds are emerging in the formulation of eco-
friendly wood preservatives [139]. However, wood impregnation with natural compounds also impacts 
adhesion properties and bond performance. Ziglio et al. [72] reported that pine veneers treatment with oleoresin 
capsicum extracted from Capsicum frutescens, C. chinense, and C. chinense x C. frutescens hybrid caused 
reduced wettability of the modified pine surfaces. Yalcin and Ceylan [80] reported that the mean adhesion 
strength of polyurethane, water-based, and cellulosic varnish-coated beechwood reduced when impregnated 
with tannin extracts from Acacia mollissima and Schinopsis lorentzii due to the low wettability of the treated 
wood surfaces.  Prayitno and Widyorini [52] found that natural extract preservative impregnation caused a 
decline in bond strength of composites bonded with PVAc adhesive. The authors reported a reduction of  15%, 
27%, and  50% in the bond strength of teakwood joints pre-treated with extracts from pulai bark, gadung 
tubers, and kumis kucing leaves, respectively, compared to untreated samples. The authors noted the different 
chemical characteristics of these extracts could be attributed to certain reactions that modified the wood 
properties and interfered with adhesion. First, the pulai extracts contained alkaloids that include ditamin 
(C16H19NO2), echitamin (C22H29N2O4), and dan echitenin (C20H27NO4) capable of activating cellulose 
reactivity via hydrogen exchange reaction or electron substitution. Such reactivity would favour the 
preservative fixation at the expense of the availability of active bond sites for adhesive components. 
Furthermore, the hydrogen cyanide present in gadung extracts could also react with aldehydes and ketones in 
the presence or absence of a catalyst. While the tannin in kumis kucing leaf extract could react with cellulose 
through hydrogen and methyl linkages blocking some active functional groups in cellulose. Moreover, the 
essential oil in kumis kucing leaf extract is hydrophobic and contributes to poor bonding with the adhesive 
components. In another study, Prayitno et al. [139] found that padding application of natural extract treatments 
adversely affected the adhesion strength of bio-industrial PVAc-bonded sengon wood. The authors reported 
adhesion strengths of 5.10, 3.00, 2.22, and 1.05 MPa, and wood failure percent of 69.20, 66.71, 62.12, and 
45.83% for control, padding treatments of 1, 2, and 3 application times, respectively. The authors further noted 
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that with more extracts on the wood surface, the lesser the available OH group on the wood molecules. Hence, 
limited bonding opportunities for adhesive components requiring reactivity through active OH sites. Moreover, 
the reduced OH intensity would also make the wood surface relatively hydrophobic thereby lowering the 
surface wettability. 
4. Bonding improvement in preservative-treated joints
Some mitigation measures that include adhesive reformulation [70], combining surface-active agents with 
wood preservatives [90], mechanical pretreatment of wood surface [55], and use of priming agents [140] 
towards improved adhesion strength have been put forward in the literature. Based on the wettability of LOSP, 
WBP, and TBTO-treated bamboo, Hanim et. al. [70] noted that PF adhesive formulation required modification 
to enhance its penetration into the treated bamboo substrates. This suggests that adhesive formulation should 
be targeted at substrate wettability for better adhesion. Vick [140] reported that priming the surface of CCA-
treated pine with hydroxy methylated resorcinol significantly improved MUF and melamine-formaldehyde 
(MF) adhesion strength. In another study, Vick [90] also demonstrated that reformulation of preservative with 
surface-active agents promote adhesion in treated woods bonded with PF but could also cause resin 
overpenetration problems. The author suggested that controlled reformulation with surface-active agents could 
prove vital in achieving a satisfactory bond in preservative-treated adhesive joints. Plasma treatments that 
include atmospheric pressure [119], microwave [74], nitrogen gas [13], and oxygen [13,112] have been 
employed for improving wood adhesion and reactivating inactivated wood surfaces. However, some of these 
treatments could be unsuitable for woods treated with chemical preservatives. Temiz et al. [13] found that 
although plasma treatment with oxygen achieved improved MUF adhesive-bond strength, it reduced the wood 
resistance to decay by white-rot fungi and also caused more copper to leach out of wood. The traditional 
mechanical pre-treatment of planing also improves adhesion strength but removes the well-treated surface of 
preservative-treated woods and generates harmful waste. A process for bonding preservative-treated wood 
without planing is desirable but still lacking [1]. 
Another potential route to achieve improved bonding of preservative-treated wood is using bio-based 
adhesives. This is still a nascent area in the field of adhesion and adhesives, and less investigated in wood 
bonding compared to synthetic adhesives [141]. However, the use of bio-based adhesives could potentially 
ameliorate many of the incompatibility challenges associated with using petroleum-based adhesives. Antón et 
al. [142] presented a focused review on lignin, starch, and tannins as bio-based adhesive raw materials towards 
a more sustainable wood composite industry. Heinrich [143] also presented a review on bio-based adhesives 
that encompasses the benefits such as renewability, better performance, health, and environment friendly 
compared to petroleum-based adhesives. Pereira et al. [144] reported a massively improved shear strength, 
over 200 percent, in MDF panels bonded with polyurethane from castor oil compared to PVA and contact 
adhesive Cascola® bonds. Kong et al. [145] reported that polyurethane from canola oil had comparable and, in 
some cases, better performance than commonly used commercial polyurethane adhesives that include Henkel 
MACROPLAST SIA-116, Gorilla glue, and Franklin Titebond®. Other studies have also established the 
prospect of adhesives from different natural sources that include defatted soy flour-based [146], African mango 
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[147], and palm kernel oil [148]. The natural compound origin and chemical functionalities of bio-based 
adhesives could have a significant role in economically and environmentally sustainable wood composite 
production. 
5. Conclusions
Adhesion is a process that relies on mechanical interlocking and chemical reactivity for bond formation. The 
process of improving wood durability through preservative impregnation affects the surface adhesion 
properties of treated wood. These effects include: 
• Reduction in open bond sites such as micro-voids on the wood surface lowers the opportunities for
adhesive penetration and mechanical interlocking.
• Reduced wettability resulting in hydrophobization of wood surface and poor resin penetration.
Occasionally with certain preservative treatments, an excessive increase in wettability and resin over-
penetration causing starved joints.
• Changes in surface roughness beyond a threshold level with an adverse effect on surface free energy
components.
• Modification of the surface pH and buffering capacity such that adhesive cure is altered.
• Changes in surface elemental composition, functional group intensity, and limited molecular level contact
between adhesive and wood components thereby minimizing chemical bonding opportunities.
• A decline in adhesive-bond shear strength and delamination resistance.
The subject of adhesion is inter-disciplinary, complex, and with diverse interpretations and topics that 
are still developing. More focus on the joint interface that is influenced by the bond formation process would 
be valuable [53] particularly in preservative-treated joints. Re-evaluation and optimization of bonding 
processes to develop pathways that are specifically suitable for bonding preservative-treated wood would be 
beneficial. Finally, there is a need for considerable research attention on the use of bio-based adhesives for 
bonding preservative-treated wood in order to align with the global drive for more bio-based industry and 
economy. 
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Abstract 
This study investigated the treatability of the sapwood and heartwood of sawn E. grandis, of varying wood 
densities, with copper-azole (CuAz) and disodium octaborate tetrahydrate (DOT) water-borne preservatives 
using a linear mixed-effects model. The mean preservative retention levels were significantly different based 
on the preservative treatment and wood type (sapwood / heartwood). Wood density did not have a significant 
effect on the mean retention levels obtained. The results obtained showed that, at a moisture content of 12 ± 
1%, sawn E. grandis sapwood can be impregnated to a mean retention level of 4.61 kg/m3 with CuAz and 7.98 
kg/m3 boric acid equivalent (b.a.e) with DOT. The highest mean retentions obtained in the heartwood were 
2.10 kg/m3 and 3.52 kg/m3 b.a.e for CuAz and DOT respectively. The findings revealed high sapwood and 
limited heartwood permeabilities of E. grandis. The results agree with the SANS 10005 (2016) categorization 
of E. grandis as amenable to impregnation. It can be concluded from this study that obtaining suitable 
preservative retention levels in sawn E. grandis with considerable sapwood content is feasible. This study 
provides a basis for consideration of sawn E. grandis durability treatment with CuAz for hazard classes H3 
and H4, and DOT for class H3 subject to other conditions being met such as the SANS prescribed coating 
maintenance required for the latter treatment. 
Keywords: Wood durability treatment; Preservative retention; Eucalyptus permeability; Eucalyptus grandis 
Introduction 
Eucalyptus and Pinus are the two major wood genera that provide raw materials to the timber industry in South 
Africa (Crickmay and Associates, 2004). While the latter is widely used as sawn wood for structural 
applications, Eucalyptus is mostly processed into chips for pulp production. Eucalyptus, particularly E. 
grandis, has recently become a more attractive option for structural solid wood composite applications due to 
new processing and adhesive developments (Crafford and Wessels 2016; Pröller 2017; Dugmore et al. 2019; 
Wessels et al. 2020). However, some Eucalyptus species are non-durable and the vulnerability to 
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biodegradation remains a limiting factor for their use in solid wood applications (Dhamodaran and 
Gnanaharan, 2006, 2007). In South Africa for instance, due to the prevalence of wood degrading agents such 
as fungi and beetles particularly in certain areas of the country, wood durability treatment is required for sawn 
and planed timber, and poles of both softwoods and hardwoods (SANS 10005, 2016). Therefore, to enhance 
the progress made thus far with E. grandis processing and product development for structural applications 
(Wessels et al., 2020), it is equally important to address the durability concerns and treatment of this species. 
Furthermore, Eucalyptus woods are generally refractory to preservative impregnation (Dhamodaran and 
Gnanaharan, 2007) and most species of this genus have sapwood with limited permeability and impregnable 
heartwood (SANS 10005, 2016). In connection to the impregnation difficulties but regardless of species’ 
permeability differences, the durability treatment of sawn Eucalyptus is restricted to hazard class H3 and lower 
as prescribed in the South African National Standard (SANS) for the preservative treatment of timber (SANS 
10005, 2016). Despite this restriction, E. grandis is one of the few species of the Eucalyptus genus with a 
permeability that is regarded as amenable to impregnation (SANS 10005, 2016). According to SANS 1288 
(2016), the treatment of Eucalyptus to refusal is permissible for hazard class H2 where only internal exposure 
is allowed. Attaining adequate preservative retention will be critical to enabling the utilization of Eucalyptus 
in the exterior (H3) and ground contact (H4) applications. Pertinent to achieving this would be the extent to 
which the sapwood and heartwood of individual species could be impregnated with different wood 
preservative chemicals. This study investigated the treatability of the sapwood and heartwood of sawn E. 
grandis and the influence of wood density on the permeability. The aim is to establish (1) the responsiveness 
of E. grandis sapwood and heartwood to copper azole (CuAz) and sodium borate (DOT) impregnations, and 
(2) probable channels for targeting desired preservative retention levels in sawn E. grandis.
Material and methods 
Water-borne preservative chemicals – copper azole (CuAz) and disodium octaborate tetrahydrate (DOT) were 
obtained from Lonza Wood Protection t/a Arch Wood Protection (SA) (Pty) Ltd South Africa and Dolphin 
Bay South Africa, respectively. Sapwood and heartwood samples with approximate dimension 30.5 x 6.4 x 
2.0 cm3 were obtained from South African grown E. grandis boards. Sapwood and heartwood were determined 
on wedges extending from the pith to bark according to Githiomi and Dougal (2012) using methyl orange as 
reported by Gonya (2020). The board samples were grouped into low (<500 kg/m3 for sapwood and <600 
kg/m3 for heartwood) and high (>500 kg/m3 for sapwood and >600 kg/m3 for heartwood) density categories. 
Before density grouping, the wood samples were conditioned at 21 ±2 °C and 65 ±5% humidity to a moisture 
content (MC) of 12 ± 1% and subsequently maintained at these conditions until required for preservative 
impregnation. The conditioned samples were grouped into treatment categories as presented in Table I. 
Pressure impregnation at 640 kPa for 1 h was carried out with 4% CuAz and 4% boric acid equivalent (b.a.e) 
DOT as applicable. Individual sample mass before and after impregnation was taken and recorded for 
estimation of preservative retention using Equation 1. Where M1 and M2 are the initial and treated masses in 
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grams respectively, V is the sample volume in cubic centimeters, and C is the solution concentration 
percentage. A total of 40 samples comprising eight treatment groups and five replicates per group, were treated. 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (𝑘𝑘𝑘𝑘 𝑚𝑚3)⁄  = 10 ×  (𝑀𝑀2  −  𝑀𝑀1)𝐶𝐶/𝑉𝑉  Equation 1 
The experimental design used in this study involved a random effect in factorial (fixed effects) and nested 
design as presented in Table I. The preservative and wood type variables were assigned as fixed effects, X1 
and X2 respectively, and the density variable as a random effect of specific levels (Cs). The data obtained was 
analyzed using the linear mixed-effects model presented below where Y is the outcome variable (Retention), 
μ is the grand mean, and e is the model error term. This model adequately addresses the ranked nature of the 
experimental design (Erasmus, Drew and Wessels, 2020). 
𝑌𝑌 = 𝜇𝜇 +  𝑏𝑏1𝑋𝑋1 +  𝑏𝑏2𝑋𝑋2 +  𝑏𝑏3𝑋𝑋1𝑋𝑋2 +  𝐶𝐶𝑠𝑠 + 𝑅𝑅    Equation 2 
Table I: Factor information of LMEM1 for retention versus preservative, wood type, and density 
Factor Type Levels Values 
Preservative Fixed 2 CuAz, DOT 
Wood type Fixed 2 Sapwood, Heartwood 
Density (Preservative, Wood type) Random 8 <500 kg/m3 (CuAz, Sapwood), 
>500 kg/m3 (CuAz, Sapwood),
 <600 kg/m3 (CuAz, Heartwood), 
>600 kg/m3 (CuAz, Heartwood),
<500 kg/m3 (DOT, Sapwood), 
>500 kg/m3 (DOT, Sapwood),
<600 kg/m3 (DOT, Heartwood), 
>600 kg/m3 (DOT, Heartwood)
1 Linear mixed-effects model 
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Results and discussion 
The treatability of E. grandis sapwood and heartwood were evaluated based on preservative retentions. The 
range and mean retention of CuAz and DOT obtained in the sapwood and heartwood are presented in Table 
II. The higher retentions obtained in the sapwood with both preservative chemicals affirm, as expected, that
the sapwood is more treatable than the heartwood (Choong and Fogg, 1972; Wang and DeGroot, 1996). The
factors that usually contribute to the lower treatability of heartwood include high extractive content (Cote,
1990), high rate of aspirated pits (Thomas and Kringstad, 1971), smaller pore sizes (Stamm, 2007), and tyloses
formation (Siau, 1984). However, the observed CuAz and DOT retention variations in both the sapwood and
heartwood showed that the treatability of E. grandis also varied according to the preservative chemical used
(Figure I). The higher DOT retentions obtained could possibly be attributed to the diffusibility of boron.
Dhamodaran and Gnanaharan (2007) noted that boron being a diffusible chemical could penetrate deeper with
uniform distribution in treated wood. In another study, Dhamodaran and Gnanaharan (2006) reported a mean
dry salt retention of 7.7 kg/m3 in partially dried (32% MC) E. grandis impregnated with 6% b.a.e boron
solution. This is comparable to the retention obtained in this study for E. grandis sapwood treatment with DOT
but at lower MC (12 ± 1%) and solution concentration (4% b.a.e). The CuAz and DOT retentions obtained in
both the sapwood and heartwood based on the respective density distributions followed comparable trends
(Figure I).  The results obtained indicated the effects of pore closure and limited permeability in the heartwood.
Notwithstanding, the mean CuAz retentions obtained at both density levels of the sapwood and heartwood
exceeded the minimum 1.9 kg/m3 SANS hazard class H2 requirement for CuAz retention in sawn hardwood
(Figure I) (SANS 10005, 2016). Contrary to that, only the mean DOT retention in the sapwood, at both density
levels, met the minimum 5 kg/m3 SANS hazard class H2 requirement for DOT retention in sawn hardwood
(Figure I) (SANS 10005, 2016).
The difference in the mean preservative chemical retention obtained between E. grandis sapwood and 
heartwood, and between CuAz and DOT treatments were both statistically significant (p ˂0.05). On the other 
hand, the difference in mean retention obtained based on density was not statistically significant at 95% 
confidence level (Table III). The results obtained further affirms that the refractory nature of E. grandis is 
exclusive to the heartwood portion and suggests significant impregnation of E. grandis is achievable with 
selective control of the sapwood-heartwood content. Based on the factor information of LMEM for retention 
versus preservative, wood type, and density analysis, the preservative and wood type interaction effect 
influenced retention by accounting for ≈ 5.4% variability in the retention obtained (Table III). The preservative 
chemical and wood type accounted for almost 30% and over 50% respectively of retention variability. Over 
85% of the retention variability in E. grandis could be explained by the model (R2 = 88.20%) and the model 
terms are useful predictors (R2(adj) = 85.62%) for retention in E. grandis (Table III). 
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Table II: Descriptive statistics for CuAz and DOT retentions (kg/m3) in E. grandis sapwood and heartwood 
Group Preservative Wood type Density kg/m3 
Retention (kg/m3) 
Mean SD Min Max 
1 CuAz Sapwood <500 4.61 1.23 3.06 6.29 
2 CuAz Sapwood >500 4.11 1.61 2.59 6.57 
3 DOT Sapwood <500 7.98 1.05 6.69 9.07 
4 DOT Sapwood >500 7.73 0.71 6.70 8.39 
5 CuAz Heartwood <600 2.07 0.16 1.92 2.33 
6 CuAz Heartwood >600 2.10 0.37 1.54 2.47 
7 DOT Heartwood <600 3.41 0.32 3.07 3.81 
8 DOT Heartwood >600 3.52 0.37 2.93 3.94 
Table III: ANOVA table and model summary of LMEM analysis for retention versus preservative, wood type, and 
density 









Preservative 1 59.43 28.73% 28.52 28.52 141.39 0.000 
Wood type 1 111.02 53.67% 16.03 16.03 79.47 0.001 
Preservative*Wood type 1 11.19 5.41% 5.22 5.22 25.87 0.007 
Density (Preservative, Wood type) 4 0.81 0.39% 0.81 0.20 0.26 0.899 
Error 32 24.40 11.80% 24.40 0.76 
Total 39 206.85 100.00% 
Model summary S R-sq R-sq(adj)
0.87 88.20% 85.62% 
* Factor contribution percentage to variation in retention based on the model
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Figure I: Mean CuAz and DOT retentions in E. grandis at 95% confidence levels. Blue dashed lines indicate H2 
(lower) and H4 (higher) target retentions for CuAz and red dashed lines indicates H2 target retention 
for DOT. 
Note: Means with the same letter are not significantly different. 
Presently, the SANS standard does not recommend the use of CuAz-treated sawn Eucalyptus for hazard 
class H4 (ground contact) and above, while DOT is permissible for H2 and conditionally for H3 as prescribed 
by SANS 10005 (2016). As earlier noted, the restrictions on sawn Eucalyptus could be related to the difficulty 
with obtaining adequate preservative retention in sawn timber of this genus. Similarly, there are no SANS 
specified minimum CuAz retentions in sawn hardwood for hazard class H3 (exterior above ground) and above. 
Unlike some other chemical preservatives as prescribed in the SANS standards, the CuAz retention 
requirements for sawn softwood cannot be assumed for sawn hardwood. For instance, preservatives such as 
chromated copper arsenate, borate, tributyltin naphthenate-permethrin, and azole-permethrin, have equal 
minimum retention requirements for both sawn softwood and hardwood under the same hazard classes (SANS 
10005, 2016; SANS 1288, 2016). However, for SANS class H2, the minimum CuAz retention requirement for 
hardwood is approximately 36% higher than for softwood (SANS 10005, 2016). Therefore, using a similar 
softwood-hardwood retention ratio in class H4 suggests that a minimum of 3.4 kg/m3 CuAz retention in sawn 
hardwood could be expected if standardized. It is noteworthy that this estimated retention level has been noted 
in the literature as satisfactory for a copper azole-based preservative for in-ground use (Lorenz and Frihart, 
2006). However, more research would be required on this suggested sawn hardwood minimum CuAz retention 
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for SANS class H4 including leachability and durability assessments. In this study, only the mean CuAz 
retention obtained in the sapwood at both density levels exceeded 3.4 kg/m3 (Figure I). This indicates obtaining 
sufficient retention is feasible in sawn E. grandis with a high proportion of sapwood. Woods obtained above 
breast height in E. grandis are reported to have a high proportion of sapwood similar to the heartwood-sapwood 
ratio along the tree height in E. globulus and E. tereticornis (Morais and Pereira, 2007; Kumar and Dhillon, 
2014; Gonya, 2020). Gonya (Gonya, 2020) also reported significantly higher proportions of sapwood in E. 
grandis wood obtained from 8 and 13-year-old plantations compared to that of 24-year-old trees. The author 
also noted variations due to radial position from which boards are taken. Therefore, wood age and board 
position in the log are potential useful parameters for targeting higher sapwood content in sawn E. grandis. for 
enhanced impregnation in applications requiring durability treatment. This study revealed that E. grandis is 
quite treatable similar to the findings of Banerjee (1974), and Dhamodaran and Gnanaharam (2007). The 
authors also noted better treatability of E. grandis compared to other Eucalyptus species such as E. globulus 
and E. tereticornis. 
Conclusions 
This study established the high sapwood but limited heartwood preservative retention in sawn E. grandis and 
provides supportive research evidence for the SANS categorization of E. grandis as amenable to impregnation. 
Based on the findings in this study in conjunction with the literature, obtaining the desired preservative 
retention in sawn E. grandis through specific board selection criteria is feasible. This should however be 
integrated with considerations to other wood or final product properties of interest. This study offers a 
background for consideration of sawn E. grandis in solid wood applications where durability treatment is 
required. It provides a basis for consideration of sawn E. grandis durability treatment with copper azole for 
hazard classes H3 and H4, and DOT for hazard class H3. However, the condition that the SANS prescribed 
coating maintenance for borate-treated timber for class H3 is crucial. Additional research will be required for 
assessing the suitability of the suggested retention levels for CuAz H4 treatment. 
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Chapter 4 Research results II 
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Adhesion performance of melamine-urea-formaldehyde joints of copper azole-treated Eucalyptus 
grandis at varied bonding process conditions 
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Abstract 
The effect of copper azole impregnation, wood density, adhesive spread rate, mechanical pre-treatment, open 
and close assembly times, bonding pressure, and press duration on melamine-urea-formaldehyde-bond 
performance of Eucalyptus grandis joints was investigated. The results showed that the shear strength was 
mainly affected by copper azole concentration and bonding pressure while wood failure and delamination were 
mainly affected by wood density, copper azole concentration, and mechanical pre-treatment. With suitable 
bonding parameters, optimization for an improved bond performance of treated-E. grandis is achievable. Thus, 
the use of treated and laminated E. grandis for structural applications in tropical and sub-tropical regions is 
feasible. 
Keywords: Eucalyptus grandis; wood preservation; copper azole; adhesive bonding; melamine-urea-
formaldehyde; bond quality 
Introduction 
Similar to several temperate hardwoods, most species in the Eucalyptus genus are largely used for pulp and 
energy production [1,2]. The alternative use of hardwoods in building and construction applications is gaining 
more research attention globally. According to Bockel et al. [3] using hardwoods in structural solid wood 
composites is an attractive option for future markets from an economic and environmental sustainability point 
of view. Recent research efforts have yielded some successes in using Eucalyptus wood, mostly E. grandis, in 
structural composites. However, it is yet to attain a significant standing as a building and construction material 
due to a variety of factors that also include low durability [2,4–7]. The non-durable nature of some Eucalyptus 
species [8] is particularly a major barrier to its emerging use in structural solid wood composites such as glued-
laminated timber (GLT) and cross-laminated timber (CLT) in tropical and sub-tropical climes [9]. Dietsch and 
Tannert [10], reported that bio-deterioration, combined damage due to decay, fungi, and insect, is one of the 
most frequent damages to timber structures. To prolong the service life of mass timber products, durability 
treatments could be considered as suitable solutions [11].  
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It is noteworthy that due to size limitation, durability treatment of large composite elements is only 
effectively possible by pre-manufacture impregnation. The most common durability treatment in this regard 
is impregnation with chemical preservatives [9]. Copper-containing preservatives are the predominant 
preservative formulations for wood treatment due to their highly effective fungicidal and insecticidal properties 
[12]. Restrictions on the carcinogenic chromated copper arsenate (CCA) necessitated the quest for potent 
preservatives with low toxicity to humans and the environment. Copper-amine systems that include copper 
azole (CA) are widely established as alternative preservatives in this regard [13,14] thus making CA potentially 
suitable for use in wood composite treatment. Adequate preservative treatment of solid wood composites 
would ensure suitability for exterior above ground (hazard class H3), and ground contact (hazard class H4) 
applications as described in the South African National Standard (SANS) 10005:2016 [15]. 
In bonded composites, adhesive-bond formation is influenced by material properties, surface preparation, 
and bonding process parameters such as adhesive spread rate, assembly times, and bonding pressure  [16,17]. 
Adequate knowledge on hardwood bonding is still lacking [3] compared to softwood that is the typical raw 
material for mass timber elements [9,18,19]. Previous investigations on wood preservation and bonding have 
therefore mostly involved softwoods [13,20–23] and a relatively few temperate hardwood species [11,24]. 
Thus, it is valuable that more hardwoods, particularly tropical species, are incorporated into this research 
stream. This would contribute to the scientifically-based understanding of the integration of wood preservation 
and bonding, and advance hardwood-use in the mass timber industry. 
Preservative impregnation usually retards the natural adhesion property of wood [14,20,25,26]. The 
physical and chemical properties of the wood surface environment are altered such that adhesive-bonding is 
adversely affected [20,22,27–31]. Such impacts vary with wood species, preservative chemicals, adhesive 
systems, and bonding process conditions [14,21,24,32,33]. The complexities of the wood material properties, 
adhesion, and adhesive system are beyond a common solution to various adhesion difficulties resulting from 
chemical impregnation of wood [27]. Mitigation measures must be addressed to encourage bonding of treated 
wood [30]. Hence, research to better understand how adhesive systems perform in different treated joints under 
varied bonding process conditions would be valuable to the synergy of wood preservation and bonding. 
Previous research works have focused on bond quality improvement in treated wood via adhesive 
reformulation, use of priming agent, increased cure temperature, and prolonged press duration [21]. Many such 
processes have cost implications albeit with diverse requirements for different wood-preservative-adhesive 
combinations. However, bond quality improvement in treated joints achieved via the correct balance in 
bonding process conditions would offer a more readily adaptable solution with negligible cost implication (if 
any) or at least limit the extent of previous modification pathways. Therefore, the objectives of this study were 
to (1) determine the effects of CA impregnation and various bonding parameters on E. grandis joints bonded 
with melamine-urea-formaldehyde (MUF) structural adhesive, and (2) identify critical bonding variables that 
could be adapted for potential improvement in the bond quality. An acceptable adhesive-bond quality in 
laminated timber must meet certain load-bearing capacity and corresponding wood failure percentage, e.g. not 
less than 4 MPa shear strength with 100 percent wood failure, 6 MPa shear strength with 74 percent wood 
failure, etc. as prescribed in British standard EN 14080:2013 [34]. The adhesive-bond should also possess a 
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high degree of resistance to delamination when subjected to accelerated exterior exposure conditions, e.g. 
maximum allowable delamination percentage ranging from 5 – 15 percent depending on test method as 
prescribed in EN 14080:2013 [34]. Thus, the shear strength, wood failure percentage, and delamination were 
used to assess the influence of the preservative treatment on joint performance. This study is a fundamental 
investigation to enable the manufacture of preservative-treated solid wood composites using South African 
grown E. grandis. 
Materials and Methods 
Materials 
The E. grandis boards used in this study were obtained from Merensky Timber’s 13-year-old Eucalyptus 
plantation located in Tzaneen, Limpopo, South Africa. Concentrates of CA-based wood preservative – 
Tanalith® E was provided by chemical manufacturer Arch Wood Protection (SA) (Pty) Ltd South Africa. A 
commercial two-component MUF adhesive system (SI 310 resin and SI 360 hardener) supplied by adhesive 
manufacturer BondStick, South Africa, was used in this study. The adhesive system is suitable for use at 
ambient conditions in excess of 3 °C  and has compliance to service class 2 of the SANS 10183 [35]. 
Method 
Wood sample preparation 
Defect-free boards with no visible concentration of resins were processed into 304 x 64 x 19 mm samples and 
grouped into low (<564 kg/m3) and high (≥564 kg/m3) density categories. Thereafter, the samples were 
conditioned at 21 ±2 °C and 65 ±5% relative humidity (RH) to reach 12 ±1% moisture content (MC) and 
randomly assigned to the different durability treatment and bonding process routes (process run). For each 
process run shown in Table 1, 12 test samples were prepared (see experimental design section below for more 
information about the variables’ selection). Treating solution concentrations of 40 and 80 g/L were prepared 
from the supplied CA concentrate following the chemical manufacturer’s recommendations. The wood 
samples were then pressure impregnated (empty-cell method) at 640 kPa for 1 h and air-dried on laboratory 
racks at ambient conditions for 24 h. Before bonding, all samples were re-conditioned at 21 ±2 °C and 65 ±5% 
RH to 12 ±1% MC thus conforming to the adhesive manufacturer’s MC requirement of <17%. 
The adhesive components were mixed at a resin to hardener ratio of 89:11 (w:w) suitable for use at 15 – 
20 °C with a pot-life of approximately 90 min following the manufacturer’s specifications. Each pre-mixed 
adhesive batch was used within 30 min of preparation. Where required, mechanical pre-treatments (≈1 mm 
thickness planing or sanding) of contacting surfaces were carried out before bonding in line with the 
experimental design of this study. The planed and sanded surfaces were thoroughly cleaned of wood debris 
and dust. Thereafter, adhesive application and bonding were done not later than 1 h in compliance with the 
maximum allowable time lapse between machining and bonding as specified by the adhesive manufacturer. 
The MUF adhesive application and bonding were carried out at an ambient temperature of 18 ±2 °C. The 
adhesive was uniformly applied to the contacting surfaces of both joint members. The 12 conditioned duplicate 
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wood samples were bonded as prescribed in ASTM D905-08 [36] thus producing six test joints per process 
run. 
To evaluate the effect of the process parameters on MUF bond development and performance in CA-
treated E. grandis joints, the adhesive spread rate, open and close assembly times, bonding pressure, and the 
press duration was varied alongside wood density, preservative concentration, and mechanical pre-treatment. 
Details of the process variations are presented in Table 1. The bonded joints were kept under ambient 
conditions for 5 days to allow full waterproof bondline cure following the adhesive manufacturer’s 
recommendation for untreated wood. Thereafter, the cured joints were re-conditioned to equilibrium MC and 
kept at 21 ±2 °C and 65 ±5% RH until further processing. 




















R1 <564 0 280 Control 30 60 0.1 1 
R2 <564 0 300 Sanding 40 90 0.4 2 
R3 <564 0 320 Planing 50 120 0.7 3 
R4 <564 40 280 Control 40 90 0.7 3 
R5 <564 40 300 Sanding 50 120 0.1 1 
R6 <564 40 320 Planing 30 60 0.4 2 
R7 <564 80 280 Sanding 30 120 0.4 3 
R8 <564 80 300 Planing 40 60 0.7 1 
R9 <564 80 320 Control 50 90 0.1 2 
R10 ≥564 0 280 Planing 50 90 0.4 1 
R11 ≥564 0 300 Control 30 120 0.7 2 
R12 ≥564 0 320 Sanding 40 60 0.1 3 
R13 ≥564 40 280 Sanding 50 60 0.7 2 
R14 ≥564 40 300 Planing 30 90 0.1 3 
R15 ≥564 40 320 Control 40 120 0.4 1 
R16 ≥564 80 280 Planing 40 120 0.1 2 
R17 ≥564 80 300 Control 50 60 0.4 3 
R18 ≥564 80 320 Sanding 30 90 0.7 1 
* Concentration = CA concentration; adhesive SR = adhesive spread rate; mech PT = mechanical pre-treatment; OAT =
open assembly time; CAT = close assembly time; pressure = bonding pressure.
Preparation of test specimens 
Four joints per process run were further processed to test specimens for the shear strength test. Each test joint, 
304 x 64 x 38 mm (longitudinal x tangential x radial) was sawn into five shear test specimens (50.8 x 50.8 x 
38 mm) to give a total of 20 shear specimens per process run. At adjacent ends in the longitudinal direction of 
each shear test specimen, ≈6.3 mm was carefully trimmed as prescribed in ASTM D905-08 standard [36]. The 
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remainder two joints (304 x 64 x 38 mm) per process run were processed to 76 x 50.8 x 38 mm specimens for 
delamination test following ASTM D2559-12a (Reapproved 2018) standard [37]. Thus, the three test 
specimens per joint were sawn into six delamination test specimens per process run. All test specimens were 
re-conditioned at 21 ±2°C and 65 ±5% RH until testing. 
Shear strength test 
The shear strength testing was performed as per ASTM D905-08 standard [36]. 20 test specimens were tested 
for each process run except those involving planed samples where only four specimens per joint totalling 16 
test specimens per process run was obtainable due to trimming of planer grooves. Also, joint dislodge occurred 
in samples from some process runs during processing into test specimens. Details on the unequal replications 
are presented in Supplementary Table S1. However, the statistical analysis was sufficient to address the 
unequal replications. The shear strength fv (in MPa) was calculated as the ultimate shear strength Fu (in N) 
divided by sheared area (A) (in mm2) as seen in Eq. (1): 
𝑓𝑓𝑣𝑣 = 𝐹𝐹𝑢𝑢 𝐴𝐴⁄           (1) 
Estimation of wood failure 
During the shear testing, test specimens were loaded until complete failure and the parting of test specimen 
members. The wood failure percentage (WFP) in the sheared test specimens was estimated using the Fiji-
ImageJ software-assisted image analysis and measurement method by Alade et al. [38]. This method enables 
an improved estimation accuracy of WFP in sheared specimens. Briefly, the procedure involved a total surface 
area image capture and precise cropping of the actual shear area of the shear-failed specimen. Thereafter, the 
cropped image is loaded onto the Fiji-ImageJ Software for mapping and measurements of total area with wood 
failure. The categorisation of failure modes was done according to ASTM D5266-99 (Reapproved 2005) 
standard [39]. The WFP was calculated as the total area of wood failure (Awf) (in mm2) divided by sheared 
area (A) (in mm2) as seen in Eq. (2):  
𝑊𝑊𝐹𝐹𝑊𝑊 = 100 × (𝐴𝐴𝑤𝑤𝑤𝑤 𝐴𝐴⁄ )  (2) 
Delamination test 
The bond durability of the test specimens from each process run was evaluated by subjecting the specimens to 
a three-cycle test consisting of vacuum pressure soaking, hot air drying, and steaming at 100 °C as explicitly 
described in ASTM D2559-12a standard [37]. This method is considered the most severe test for the 
accelerated exposure of structural wood products [14]. The delamination (Dtot) percentage in each test 
specimen was calculated as the total delamination length (ltot, delam) (in mm) divided by total bond-line length 
(ltot, glue line) (in mm) as seen in Eq. (3): 
𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡 =  100 × �𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡,   𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡,   𝑔𝑔𝑑𝑑𝑢𝑢𝑑𝑑 𝑑𝑑𝑙𝑙𝑙𝑙𝑑𝑑⁄ � (3)
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Experimental design and data analysis 
In this study, the experimental design and statistical analyses were performed using Minitab Software v.18. A 
Taguchi L18 (21 37) orthogonal experimental design was employed to evaluate the effect of wood density, CA 
impregnation, and various bonding process parameters on MUF-bond performance in E. grandis joints. Two 
levels of wood density and three levels each of preservative concentration, mechanical pre-treatment, adhesive 
spread rate, open assembly time, close assembly time, bonding pressure, and press duration were investigated. 
This design enables a statistical evaluation of the effect of each factor independent of other factors. Thus, 
enabling factor screening and ranking of critical process parameters in terms of percent contribution to MUF-
bond performance in CA-treated E. grandis joints. Also, the sensitivity of the response variables to changes in 
the investigated levels of the process parameters was evaluated and the latter were screened using the Sigma 
throwaways performance metric (F-test). Details of the experimental design are presented in Table 1. 
Results and Discussion 
E. grandis treatability with copper azole
The mean CA retention obtained were 3.22 and 2.90 kg/m3 at 4% concentration, and 5.64 and 5.52  kg/m3 at 
8% concentration for low and high-density samples respectively. The retention values exceed the SANS hazard 
class H2 (internal exposure) minimum requirement of 1.9 kg/m3 for CA-impregnated sawn hardwood [15]. It 
means that with concentrations lower than 4%, the retention requirement for H2 is achievable. It could be also 
helpful for the bonding performance of the joints. At present, similar SANS requirements for H3 (exterior 
above ground) and H4 (ground contact) are unavailable. However, the CA retentions obtained in this study, 
particularly at higher concentrations, would potentially meet requirements for SANS H3 and H4 - such 
standardization should become available. The retention obtained in this study showed that despite the 
refractory nature of Eucalyptus, the 13-year-old E. grandis was considerably treatable. This treatability could 
be attributed to the sapwood content. Gonya [40] reported that the heartwood/sapwood ratio increases by age 
in E. grandis. The results showed the sapwood content in the 13-year-old E. grandis is high enough for suitable 
impregnation, and the treatability observed in this study supports SANS categorization of E. grandis as 
amenable to impregnation. 
 Effect of varied process routes on adhesive-bond performance 
The effect of CA impregnation and varied bonding process on MUF-bonded E. grandis joints was evaluated 
in terms of joint performance. The shear strength, wood failure percentage, and delamination obtained in E. 
grandis joints from the different process runs are summarized in Table 2. More information on the descriptive 
statistics is presented in Supplementary Tables S1 – S3. 
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Table 2: Summary statistics of shear strength, wood failure, and delamination 
Process run 
Shear strength (MPa) Wood failure (%) Delamination (%) 
Min Max Mean ±SD Min Max Mean ±SD Min Max Mean ±SD 
R1 0.26 12.17 6.81 ±3.38 0.00 89.04 36.06 ±27.07 13.13 71.03 46.89 ±19.52 
R2 1.91 6.72 4.41 ±1.42 0.00 10.27 1.45 ±2.93 21.89 96.23 60.71 ±28.18 
R3 1.77 11.52 8.73 ±2.25 18.34 100.00 72.85 ±24.58 3.55 17.44 9.35 ±4.71 
R4 0.44 10.53 5.56 ±3.68 0.00 83.76 21.84 ±25.79 0.00 100.00 48.50 ±53.23 
R5 0.31 7.30 2.99 ±2.08 0.00 4.71 0.42 ±1.25 44.14 74.45 57.73 ±10.99 
R6 0.19 9.64 3.98 ±3.38 0.00 96.17 46.61 ±34.45 2.68 36.18 14.69 ±14.61 
R7 1.19 7.80 4.24 ±2.13 0.00 5.95 0.60 ±1.69 85.67 100.00 95.41 ±5.51 
R8 0.21 9.60 4.43 ±2.74 0.00 85.75 21.97 ±29.14 21.15 80.30 47.22 ±21.48 
R9 0.12 3.93 2.40 ±1.07 0.00 15.90 4.94 ±5.51 80.81 100.00 93.33 ±7.27 
R10 0.18 12.47 5.81 ±4.55 0.00 100.00 32.88 ±32.21 37.58 100.00 66.83 ±27.24 
R11 1.57 10.30 5.51 ±2.25 0.00 25.67 4.42 ±7.02 28.68 100.00 74.90 ±28.09 
R12 0.68 4.43 2.69 ±0.97 0.00 3.52 0.32 ±0.98 20.42 88.86 52.32 ±26.74 
R13 0.37 10.17 4.67 ±3.11 0.00 41.55 5.14 ±11.22 85.38 100.00 93.54 ±5.03 
R14 0.45 10.95 5.65 ±3.21 0.00 90.17 16.14 ±24.83 46.50 76.41 63.35 ±11.36 
R15 0.31 5.55 2.24 ±1.78 0.00 16.62 4.36 ±6.04 56.31 93.74 77.35 ±14.39 
R16 0.82 3.65 1.87 ±1.27 0.00 18.53 6.28 ±8.49 47.78 100.00 67.46 ±20.43 
R17 0.59 8.05 4.67 ±2.70 0.00 15.44 5.03 ±5.21 70.46 99.70 88.54 ±11.91 
R18 1.39 9.87 5.46 ±2.23 0.00 26.29 3.57 ±8.09 84.66 96.21 92.08 ±5.39 
Shear strength 
From Table 2, the bondline shear strength obtained from E. grandis joints across the different processes ranged 
from 0.12 to 12.47 MPa. The highest mean shear strength, 8.73 MPa, was obtained in samples produced using 
process R3 conditions. This process involved untreated low-density samples, traditional pre-bonding planing, 
and bonding at the maximum levels of adhesive SR, OAT, CAT, bonding pressure, and press duration. The 
highest mean shear strength obtained from a process involving CA-impregnated samples, 5.65 MPa, was 
achieved with the conditions of process R14. This process involved high-density samples impregnated at 
minimum CA concentration level but the same traditional mechanical pre-treatment and press duration as 
process R3. The lowest mean shear strength, 1.87 MPa, was obtained in CA-impregnated-high-density samples 
produced according to process R16 conditions. This process involved maximum CA concentration level but 
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also included surface planing like processes R3 and R14. Joints produced using process R9 recorded 
comparable shear strength, with a mean of 2.40 MPa, to process R16. Both processes involved maximum CA 
concentration level, minimum bonding pressure, and intermediate press duration while the wood density, mech 
PT, and adhesive SR differed. The lowest mean shear strength obtained in untreated samples, 2.69 MPa, was 
recorded in process R12. Most conditions of this process are the same with either of the top processes R3 and 
R14 while the main difference is pre-bonding surface sanding in the former as opposed to planing in the latter 
processes. In general, processes involving CA-treated samples produced joints with lower shear strengths 
compared to untreated samples. In comparison to softwood impregnation and bonding using various adhesive 
systems, the mean shear strengths obtained from all but one of the processes were higher than those recorded 
by Lee et al [41] in CCA-, CB-HDO-, and CA-impregnated (at a lower concentration of 3%) and untreated 
Korean pine and larch joints bonded with MF, PF, and MUF resins. This perhaps shows the E. grandis potential 
for wood laminated composites although it cannot be directly compared to softwoods with different inherent 
strength properties.  Besides, almost 40% of the investigated processes in this study gave comparable or better 
bond strength than the highest strength range they obtained using RF resin (4.05 – 5.69 MPa). These authors 
used a process that involved a much longer press duration (24 h) but lower adhesive SR (100 g/m2). Gaspar et 
al. [21] later reported improved glue line shear strength in softwood glulam made from CA-treated maritime 
pine but bonded with a phenol resorcinol formaldehyde (PRF) adhesive. This further highlights the bond 
performance variations due to wood species-preservative-adhesive system combinations as well as process 
parameter differences. The bonding strength of hardwood joints is not yet standardized. Therefore, the standard 
requirements for softwood were used to evaluate the bond shear strength with corresponding WFP according 
to EN 14080:2013 [34]. For untreated samples, only samples produced from process R3 met the requirements 
for both minimum mean shear strength and corresponding mean WFP. Processes R1, R2, R10, and R11 
produced joints having bond mean shear strength that exceeds the minimum allowable 4 MPa but the 
corresponding WFPs fell below the standard requirements for 4 MPa shear strength. For CA-impregnated 
samples, processes R4, R7, R8, R13, R14, R17, and R18 produced joints with mean shear strength that exceeds 
4 MPa but the corresponding WFPs were also below the required percentages. These outcomes indicated the 
need for modification of the parameters that highly influence the bond development to achieve a more 
satisfactory bond strength. Based on the sensitivity analysis results as shown in Table 3, out of the eight process 
parameters investigated, only four viz. bonding pressure, concentration, OAT, and press duration, in the order 
listed, were the contributory factors to variations obtained in the shear strength (F-test < 1.00). 
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Table 3: Summary of sensitivity analyses, process parameters’ screening results, and Taguchi rankings. Rankings from 
1 to 8 are displayed inside square brackets for each of the groups (1 being the most influential and 8 being the least) 













Density 2.67 [8] 0.59 13.62 [3] 6.10 21.01 [3] 5.20 
Concentration 21.61 [2] 2.40 13.78 [2] 3.09 24.85 [2] 3.07 
Adhesive SR 1.97 [7] 0.22 8.79 [4] 1.97 5.05 [5] 0.62 
Mech PT 5.83 [5] 0.65 43.66 [1] 9.77 30.59 [1] 3.79 
OAT 19.36 [3] 2.15 5.80 [6] 1.30 2.42 [6] 0.30 
CAT 2.21 [6] 0.25 1.59 [8] 0.36 5.12 [4] 0.63 
Pressure 25.05 [1] 2.78 5.38 [5] 1.21 1.12 [8] 0.14 
Press duration 12.28 [4] 1.36 2.91 [7] 0.65 1.76 [7] 0.22 
Thus, the variables with the strong likelihood of significant impact on the shear strength, hereafter 
referred to as candidate influential variables, were concentration, OAT, bonding pressure, and press duration. 
The ANOVA test performed on the candidate influential variables revealed that only the main effects of 
concentration and bonding pressure were significant (p < 0.05) on the shear strength. The shear strength 
obtained was reduced by CA impregnation; however, no significant difference was observed between the two 
concentration levels used. Also, the shear strength increased with an increase in the bonding pressure but no 
significant difference between the effect of 0.1 and 0.4 MPa was recorded (Figure 1). The Taguchi ranks for 
the parameters are presented in brackets in Table 3. 
Figure 1: Main effect plots of CA concentration and bonding pressure on shear strength 
Note: Reference line is overall mean. Factor level means with different letters are significantly different 
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The findings obtained in this study agreed with previous reports that preservative impregnation influences 
the adhesion properties and bond performance of wood and adhesive  [41]. A similar impact of CA treatment 
on different adhesive-bond strengths has been reported in the literature. The decline in bondline shear strength 
as observed in this study could be attributed to the presence of insoluble copper ions that prevents interfacial 
adhesion development between wood and adhesive [41,42].  This component might hinder the formation of 
strong adhesion by impeding inter-molecular attraction between adhesives and wood fibers. CA preservative 
could also significantly affect the adhesive cure due to copper presence and reduce the penetration of the 
adhesive into wood [22]. Another potential factor that could have affected the shear strength is the preservative 
chemistry. Some preservatives like the amine-based copper systems have been shown to decrease the 
mechanical properties of wood [43]. For example, Lim et al. [20] found that micronized CA treatment caused 
a significant reduction in block shear strength of southern yellow pine CLT bonded with MUF, resorcinol 
formaldehyde (RF), and polyurethane (PUR) adhesives. Wood impregnation with some other notable copper-
based preservatives has also been linked to reduced bond strength. Vick [44] reported a decline in shear 
strength due to bonding interference caused by different copper-based preservatives that include copper 
naphthenate, copper octoate, and ammoniacal copper arsenate in PF bonded joints. Similarly, Segundinho [33] 
found that CCA and copper chrome boron (CCB) impregnation adversely affected the strength properties of 
teak and Lyptus glue-laminated woods. Prayitno [30] also reported limited adhesion and reduced bond strength 
in preservative-treated wood due to pore closure by localized active ingredients in preservative chemicals. 
Similarly, Shah et al. [31] reported that preservative impregnation caused reduced wettability and bondline 
strength. Vick et al. [45] reported a below standard bond performance in PF-bonded joint due to ammoniacal 
copper zinc arsenate preservative treatment. Yang et al. [24] also found that ammoniacal copper quat (ACQ) 
treatment affected RF-bond shear strength in hardwood glulam made from beech, hard maple, and red oak. 
According to Martins et al. [46], the bonding quality of joints is also dependent on applied pressing parameters 
like pressure and time. As mentioned earlier, in this study only bonding pressure had a significant influence 
on the shear strength whereas assembly and press time impacts were not significant. Yusof et al. [47] found 
that bonding pressure had a significant impact on bond strength as increases in bonding pressure remarkably 
improved the bond shear strength in Acacia mangium CLT. According to Frihart and Hunt [48], pressure could 
aid better bonding. The higher press pressure can partially compensate for the limited opportunity for 
mechanical interlocking and chemical bonding in the treated wood by forcing adhesive into available micro 
voids especially in high wood density samples [47]. 
Wood failure percentage 
The estimated WFPs obtained in the sheared samples from each process run were presented in Table 2 ranging 
between 0 to 100%. The highest, 72.85%, and lowest, 0.32%, mean WFPs in untreated sheared joints were 
obtained in processes R3 and R12 samples respectively. On the other hand, the highest, 46.61%, and lowest, 
0.42%, mean WFPs in CA-treated sheared joints were recorded in samples produced using processes R6 and 
R5, respectively. Both processes consisted of low-density samples impregnated with the minimum CA 
concentration, mechanical pre-treatment (planing and sanding respectively), and adhesive SRs above the 
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minimum required and investigated. Again, sanding was associated with low WFP as observed in the shear 
strength scenario. In addition, the different levels of open and close assembly times, and pressure parameters 
could be partly responsible for the WFP differences. Only processes R3 (untreated samples) and R6 (CA-
treated samples) produced some joints that meet the minimum 85% WFP requirements (Supplementary Table 
S2) according to ASTM D 5266-99 [39]. The observed trend in the WFPs obtained from the different process 
runs, particularly those involving CA-impregnated samples, showed no clear relationship with the 
corresponding shear strengths. Although a combined high shear strength and WFP is desirable for good 
bonding, the outcomes of over 90% of the process runs exhibited otherwise. 
Based on the Sigma performance metric, the order of most influential to least influential factors was mech 
PT > concentration > density > adhesive SR > OAT > bonding pressure (Table 3). Three of these factors were 
the same as the observed process parameters’ effects on the shear strength. From the ANOVA performed on 
the candidate influential variables, only the effects of mech PT and density were significant (p < 0.05). Relative 
to other candidate influential variables and based on the corresponding ANOVA results obtained, 
concentration (p = 0.061) could be a potential model term for WFP in CA-MUF E. grandis joints. Hence, an 
assessment of the main effect of concentration on WFP was considered.  The main effects of both the wood 
density and concentration had negative relationships with the observed WFP as shown in Figure 2. CA 
impregnation and increase in concentration level negatively impacted the WFP. A similar effect of preservative 
concentration on WFP was reported in studies conducted by Vick [44] and Lim et al. [20]. These authors found 
that reduction in WFP was associated with an increase in chemical deposits from water-borne copper-based 
preservatives and micronized copper azole respectively. Density is noted as a critical factor in wood bonding 
[17,49]. The lower wood failure obtained at a higher density level could be attributed to better cohesive 
strength due to the thicker cell walls compared to low-density samples. Also, the penetration of adhesive is 
lower in higher density wood followed by lower mechanical interlocking which results in weaker bond and 
lower WFP. For the main effect of mech PT, planing resulted in higher WFP than the control which had a 
higher WFP than sanding (Figure 2). Again, a clear relationship could not be established between shear 
strength and WFP as per the influential factor effects. A similar lack of correlation between shear strength and 
wood failure in preservative-treated adhesive joints was reported by Vick et al. [45] and Hanim et al. [50]. 
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Figure 2: Main effect plots of density, CA concentration, and mech PT on WFP 
Note: Reference line is overall mean. Factor level means with different letters are significantly different 
Delamination 
As shown in Table 2, after a three-cycle harsh accelerated exposure test, the joint delamination observed ranged 
from 0 to 100%. The lowest mean delamination percentage (9.35%) was again obtained in untreated joints 
produced from process R3. The highest mean delamination percentage (95.41%) was recorded in CA-
impregnated joints from process R7. This process notably involved maximum CA concentration, minimum 
adhesive SR, and surface sanding before bonding. This outcome further indicated the adverse impact of 
sanding pre-treatment on bond development and performance. Process R6 joints had the least mean 
delamination percentage, 14.69%, for CA-impregnated joints. The highest mean delamination percentage for 
untreated joints, 74.90%, was obtained in process R11 samples. Only processes R3 (untreated) and R6 (CA-
impregnated) produced considerable number of joints; and few joints from process R4 (CA-impregnated) 
(Supplementary Table S3) that meet the maximum allowable 10% delamination for a three-cycle delamination 
test according to EN 14080:2013 [34]. The variations obtained in the joint delamination were largely attributed 
to only three of the process parameters viz. mech PT, concentration, and density as shown in Table 3. From 
the ANOVA analysis, the three candidate influential variables – density, concentration, and mech PT all had 
a statistically significant impact (p < 0.05) on the joint delamination. Contrary to the negative influence of 
density on the WFP, the observed delamination was positively related to the wood density. The impact of CA 
impregnation and increase in concentration level resulted in increased joint delamination percentages. For 
mech PT, the traditional pre-bonding planing yielded the least delamination recorded whereas, the control 




Figure 3: Main effect plots of density, CA concentration, and mech PT on joint delamination 
Note: Reference line is overall mean. Factor level means with different letters are significantly different 
Similar to the findings in this study, Frihart [14] reported a higher delamination percentage in CA-treated 
Southern Yellow Pine joints when compared to CCA-treated and untreated joints bonded with PRF adhesive. 
Employing the same delamination test method, the CA-treated joint delamination reported by this author was 
far less than what was obtained in this study. This huge difference could be attributed to the difference in wood 
species, wood surface quality, and the adhesive used.  Elsewhere, Gaspar et al. [21] reported increased 
delamination in softwood glulam made from CA-treated maritime pine. Lim et al. [20] also found higher MF 
and RF-bond delamination due to micronized CA treatment whereas PUR-bonded joints had delamination 
below 1%. In similar studies involving other copper-based preservatives, Segundinho [33] reported glue line 
delamination in teak and Lyptus glulam beams due to bonding interference caused by CCA and CCB 
treatments. Frihart [14] also reported up to 44% delamination in ACQ-treated pine joints bonded with PRF. 
The author further suggested that pronounced delamination in preservative-treated joints could be attributed 
to changes in the wood surface chemistry and topology due to the reaction and presence of the active 
components in the preservatives. These active ingredients could react with the adhesive to either impede the 
cure, thus causing a frail adhesive boundary layer, or hasten the adhesive cure thereby limiting adhesive flow 
into the wood crevices.  
According to Frihart [14], CCA treatment inhibited adhesion only by a physical barrier but no effect was 
observed on PRF cure whereas both ACQ and CA accelerated the PRF cure. A similar accelerated reaction 
was observed in this study with a noticeable start of skin formation in CA-impregnated samples during the 
extended open assembly time of 50 min. This could be rheologically associated with a probable gelation effect 
triggered by hydrogen bonding or salt bridges between the amine component and the carboxyl group in the 
wood [51]. MUF adhesive is noted for high strength properties in both dry and wet conditions and is 
particularly regarded as possessing high water resistance [48]. However, the high rate of delamination 
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observed in this study showed that a sturdy MUF-bond capable of withstanding a severe delamination test 
failed to develop in CA-impregnated joints. This further indicates the fixed chemical deposits interfered with 
MUF-bond development. Vick [42] also noted that thermosetting adhesives such as MUF and MF do not 
provide strong enough bonds to survive rigorous delamination procedures in CCA-treated joints. Furthermore, 
high dimensional instability stresses in E. grandis might have contributed to the poor delamination resistance 
observed in this study [4]. Similar poor bond resistance to delamination by five different adhesive systems that 
included two MUF systems in hardwood joints was reported by Knorz et al [52]. The observed increased 
bondline delamination in the higher wood density samples could also be attributed to the higher dimensional 
instability of the denser fibre bundles compared to that of low-density wood [17,48,53]. Dimensional 
instability stresses are capable of creating core shear stress within the bondline that results in delamination 
[17,54]. The higher porosity of the low-density wood samples also causes it to swell much less than the high-
density wood [17,55] thus exerting lesser stress on the bondline. Also, the penetration of adhesive is lower in 
higher density wood followed by lower mechanical interlocking which results in weaker bond and higher 
delamination. The mechanical interlocking of wood and adhesive is even less for treated wood. The increased 
delamination obtained in sanded samples could be attributed to poor bond development due to reduced surface 
roughness and free energies  [56–58]. Whereas, planing removes the top layer with concentrated chemical 
deposits thereby exposing fresh bond sites without adverse impact on other properties such as surface 
roughness in contrast to the sanding effect [57]. 
Considering the overall shear strength, WFP and delamination obtained, process R3 joints had the best 
bond performance but bearing in mind the exclusion of CA impregnation. For CA-impregnated joints, process 
R6 joints had the best resistance to delamination and the highest mean WFP. However, the mean shear strength 
obtained with this process route was considerably lower than that of process R14. Hence, a clear process 
performance superiority for CA-impregnated joints could not be established without taking into consideration 
the impact of each process parameter. 
 Influential process parameters on bond performance 
Preservative concentration 
The findings obtained in this study agree with previous suggestions of adhesion inhibition in woods 
impregnated with copper-based preservatives [26,44]. The adverse effect of the CA impregnation could be 
attributed to changes in the physical and chemical adhesion characteristics of the wood surface and 
interruptions with adhesive flow and cure aided by the copper component. These changes in wood could 
include pore closure [45], re-defined surface roughness [59], surface hydrophobization [28], and alteration of 
the chemical nature due to copper affinity to bond with wood molecules [60]. Maldas and Kamdem [28,59] 
reported that the surface of CCA-treated wood showed increased roughness and poor adhesive wetting that 
could lead to poor bond formation – increasing the roughness only to a certain level improves the bonding 
strength. For copper-amine systems such as the CA used in this study, the copper-amine fixation reaction 
severity [24], ligand exchange between copper-amine and wood [13], complexation reactions via copper 
interactions with carboxylic and phenolic hydroxyl groups in wood [13,61,62], and formation of stable copper-
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nitrogen-lignin complexes [62], copper-cellulose complexes [29], and other copper-ethanolamine complexes 
[24,61] are probable reaction scenarios for adhesion inhibition. 
Zhang and Kamdem [13] stated that a less stable copper-amine complex reacts with wood readily at the 
surface thereby blocking further penetration possibilities. Thus, adhesion opportunities via both mechanical 
interlocking and chemical reactions such as hydrogen or covalent bonding between wood and adhesive 
molecules become limited [29]. Vick [44] noted restricted bonding due to insufficient resin penetration beyond 
the chemical deposits on surfaces of woods treated with copper naphthenate and ammoniacal copper arsenate 
preservatives. Miyazaki and Nakano [32] found that copper presence inhibits RF resin cure, and Vick et al 
[45] reported that the condensation reaction could also be inhibited thereby slowing down adhesive cure and
creating starved joints. On the other hand, Frihart [14] and Miyazaki et al [63] found that both CA and ACQ
accelerated PRF adhesive cure. The latter effect could be related to the MUF cure in this study as earlier
mentioned that noticeable skin formation was observed in CA-impregnated samples during extended open
assembly time. Lee et al [41] noted that the amine groups in CA accelerate amino resin cure, such as MUF,
during polymerization for bond development. In a different scenario, Wang et al. [64] found that wood in its
natural form mildly increases the pH of MUF. Considering the high pH 11.5 (9.2 / 1:20 dilution) of CA used
in this study, the resultant pH of the impregnated wood surface might have a significant buffering effect on
the MUF adhesive. It is therefore further suggested that the bond formation and development could have been
partially inhibited by probable pH instability at the bondline. Overall, the MUF-bond performance in the E.
grandis joint was affected by the preservative treatment as the bond shear strength and WFP decreased, and
delamination increased due to CA impregnation.
Mechanical pre-treatment 
Processes such as planing, and sanding modify wood surfaces largely by altering the roughness level. Increased 
roughness raises surface energies to a certain point and increases wettability and penetration of liquid/adhesive 
into wood. Even though surface roughness improves adhesion via mechanical interlocking, the required 
surface roughness level varies with adhesive systems and applied pressure [16,65]. The predominant effect of 
surface roughness is bonding improvement through the enhanced mechanical interlocking of adhesive into 
wood crevices. Surface roughening improves adhesion but could also impede bonding by limiting adhesive 
penetration or causing premature gelation [57].  At the various combination levels of the process parameters 
investigated in this study, the traditional pre-bonding planing operation proved critical for better bond 
formation and joint performance. The negative impact of sanding as observed in this study could be attributed 
to the reduced surface roughness effect which could result in poor adhesive wetting and ultimately weak joint 
development. Tan et al. [57] also noted that unlike planing, wood surface roughness is almost eliminated by 
sanding depending on the sandpaper grit size. Qin et al. [56] reported reduced roughness and increased contact 
angle (indicating poor wetting) on wood surface due to sanding. Similarly, Gindl et al. [58] reported 
significantly reduced surface free energies on sanded and microtomed wood surfaces.  
The findings in this study agree with the past report that mechanical pre-treatment has a huge effect on 
adhesive wetting and bond strength [41]. In this study, this effect was more pronounced on joint delamination 
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as only a minute proportion of joints produced met the delamination requirement. Nonetheless, observing the 
traditional pre-bonding planing operation when bonding treated wood removes the well-impregnated surface 
and generates hazardous wastes. Wang et al. [9] pointed out the absence of an effective process of bonding 
treated wood without planing. Thus, a greener process for bonding treated wood is desired. The outcome of 
processes R4 and R17 indicated that achieving adequate joint strength in treated wood without pre-bonding 
planing is feasible but requires further process optimization. 
Bonding pressure 
The effect of pressure was only significant on the bond shear strength whereas the WFP and delamination were 
not significantly affected by bonding pressure. The higher shear strength values obtained in this study are 
strongly linked to higher bonding pressures similar to the findings of  Dugmore et al [4]. Thus, enhanced bond 
shear strength, particularly in preservative-treated hardwood, could be achieved by a moderately high bonding 
pressure. Frihart and Hunt [48] noted that pressure aids better joint bonding in several ways that include 
expelling trapped air, enhanced molecular contact between adhesive and wood, and enhanced adhesive 
penetration. However, excessively high pressure should be avoided to prevent starved joints and poor bond 
development due to overpenetration or excessive adhesive bleed-out. Yusof [47] also reported, at much higher 
range (0.9 – 1.5 MPa) than investigated in this study, that pressure had no significant influence on bondline 
delamination. 
Density 
In this study, the wood density was more important to the wood failure and delamination outcomes than shear 
strength. As shown in supplementary Figure S1, higher density wood has lower shear strength, however, it 
was not a major contributory factor. In many studies, density reportedly played a major role in joint’s shear 
performance. For example, Follrich et al. [66] investigated joints of spruce with different densities and showed 
that the bond strength increased as the density increased. Follrich et al. [67] found that the average WFP rapidly 
decreased with increasing density, but bond strength slightly increased with increasing density. Aicher et al. 
[68] found that wood density impact on bond shear strength was lower than proposed in Eurocode 5, part 2
(1995). Dugmore et al. [4] reported varied density effects on E. grandis joint shear strength and delamination.
Wood density had a positive effect on shear strength when determined on dry specimens, and a negative effect
on delamination. The observed relationship between density and WFP in this study could be attributed to
thicker cell walls and better resistance to deformation at higher density. As observed in this study, the shear
strength was least affected by density probably due to the weak wood-adhesive bond resulting from CA
impregnation. On the other hand, higher swelling and shrinking stresses during the delamination cycles could
be a major reason for pronounced delamination observed in higher density wood. Also, the thicker cell walls
in high-density samples could contribute to limit adhesive penetration thereby inhibiting the mechanical
interlocking process [4,48]. The density variation effect could be mitigated by adapting other process
parameters such as increasing bonding pressure especially for high-density samples [4,48].
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Other investigated parameters 
 Other studied factors including adhesive spread rate, open and close assembly times, and press duration had 
negligible effects on MUF-bonding of CA-treated E. grandis joints. However, caution is advised particularly 
when choosing assembly times due to the tricky nature of the chemical reactions between E. grandis wood, 
CA, and MUF. For instance, extended assembly times could allow more reactivity between the different 
components but could also allow significant gelation or skin formation of MUF before pressing. Therefore, 
the suitability of the different levels of these parameters for bonding CA-MUF E. grandis joints is shown in 
Supplementary Figs. S1 – S3. 
Conclusions 
The following conclusions are drawn from this study: 
• CA-impregnation adversely affected the joint performance of E. grandis bonded with MUF adhesive.
Notwithstanding that, relatively high mean shear strength values were obtained for most of the
processes, however, with very low wood failure percentages.
• The shear strength of MUF-bonds in CA-impregnated E. grandis was mainly affected by CA
concentration and bonding pressure. Lower CA concentration and higher pressure resulted in higher
shear strength.
• Wood failure and MUF-bond delamination in CA-impregnated E grandis were mainly affected by
wood density, CA concentration, and mechanical pre-treatment. Lower CA concentration, lower wood
density, and using planing as a mechanical pre-treatment resulted in higher WFP and lower
delamination.
• The adhesive spread rate, open assembly time, and press duration had negligible effects on MUF-
bonds in CA-treated E. grandis joints.
The research was based on a Taguchi experimental design, which means that not all factor
combinations were evaluated. Results suggest that there is significant room for optimization. A slight 
modification of process R6 routes could deliver CA-impregnated MUF-bonded E. grandis joints that 
would satisfy the bonding strength requirements according to EN 14080:2013 [34]. Optimization of 
process routes like R4 and R17 could provide pathways for producing CA-treated E. grandis joints that 
are suitable for structural applications without pre-bonding mechanical pre-treatment. Therefore, an 
effective process route for bonding of CA-impregnated E. grandis wood without pre-bonding planing is 
feasible but requires further process optimization. There are still questions about the possible influence of 
wood variation factors such as the sapwood and heartwood content of the E. grandis on the preservative 
fixation and chemical reactivity with adhesive, as well as other preservative-adhesive compatibility for 
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Table S1: Descriptive statistics for shear strengths (MPa) of MUF-
bonded E. grandis joints at varied process conditions  
P. Run Q1 Median Q3 N* N 
R1 4.33 7.54 9.58 0.00 20.00 
R2 3.24 4.23 5.53 1.00 20.00 
R3 8.27 9.32 9.93 0.00 17.00 
R4 2.17 4.78 9.79 0.00 20.00 
R5 0.97 2.48 4.23 1.00 20.00 
R6 1.54 2.51 7.45 0.00 16.00 
R7 2.92 3.37 6.63 0.00 20.00 
R8 2.18 4.11 5.37 0.00 16.00 
R9 1.73 2.21 3.58 1.00 20.00 
R10 1.43 5.48 10.73 1.00 16.00 
R11 4.60 5.54 7.07 0.00 20.00 
R12 1.73 2.68 3.41 1.00 20.00 
R13 1.64 5.26 7.17 2.00 20.00 
R14 3.95 4.88 8.37 4.00 16.00 
R15 0.92 1.71 3.70 6.00 20.00 
R16 0.93 1.06 3.21 11.00 16.00 
R17 1.23 5.58 6.96 0.00 20.00 
R18 3.51 5.22 6.70 0.00 20.00 
N* number of test samples where joint dislodge occurred during 
processing into test specimens 
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Table S2: Descriptive statistics for WFP in shear-failed 
E. grandis joints at varied process conditions
P. Run Q1 Median Q3 
R1 12.61 28.39 64.56 
R2 0.00 0.00 2.02 
R3 54.60 83.28 92.73 
R4 0.59 7.75 48.63 
R5 0.00 0.00 0.00 
R6 10.42 50.95 80.49 
R7 0.00 0.00 0.00 
R8 1.86 9.62 31.86 
R9 0.00 2.49 10.09 
R10 0.70 21.52 66.25 
R11 0.00 1.19 6.22 
R12 0.00 0.00 0.00 
R13 0.00 0.00 4.38 
R14 0.73 8.80 21.43 
R15 0.00 0.45 8.38 
R16 0.00 0.97 15.21 
R17 0.20 3.02 9.48 
R18 0.00 0.00 2.88 
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Table S3: Descriptive statistics for delamination percentages in E. 
grandis joints at varied process conditions 
P. Run Q1 Median Q3 N* N 
R1 32.17 52.19 58.47 0.00 6.00 
R2 38.54 56.61 90.68 0.00 6.00 
R3 5.39 9.47 11.98 0.00 6.00 
R4 0.00 45.49 100.00 0.00 6.00 
R5 48.03 56.31 67.97 0.00 6.00 
R6 3.36 7.85 31.55 0.00 6.00 
R7 91.24 96.84 100.00 0.00 6.00 
R8 24.93 50.00 61.86 0.00 6.00 
R9 88.41 94.12 100.00 0.00 6.00 
R10 40.82 61.24 99.27 0.00 6.00 
R11 53.74 79.84 99.20 0.00 6.00 
R12 31.66 44.50 82.38 0.00 6.00 
R13 89.43 94.60 96.90 0.00 6.00 
R14 52.48 65.12 73.48 0.00 6.00 
R15 64.11 78.97 90.48 0.00 6.00 
R16 49.44 62.35 86.73 0.00 6.00 
R17 79.20 90.04 99.11 0.00 6.00 
R18 85.42 94.95 96.06 0.00 6.00 
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Figure S1: The effect plots of individual process parameters on shear strength. Reference line indicates overall mean 
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Chapter 5 Research results III 
Under publication review 
Characterizing surface adhesion-related chemical properties of copper azole and disodium octaborate 
tetrahydrate-impregnated Eucalyptus grandis wood 
A. A. Alade ab, Z. Naghizadeh a, C. B. Wessels a*, H. Stolze b, H. Militz b 
a Stellenbosch University, Forest and Wood Science Department, Stellenbosch, 7602, South Africa. 
b Georg-August University, Wood Biology and Wood Products Department, Göttingen, 37077, Germany. 
Abstract 
Preservative impregnation reduces adhesive-bond strength in laminated woods. This adverse effect is 
connected to the dependency of adhesion mechanisms on the surface characteristics of adherends. Therefore, 
in-depth knowledge of the interaction effects of wood and preservative chemicals on surface adhesion 
characteristics is crucial for developing pathways to improve the bonding of treated woods. This study 
investigated fundamental changes in the surface adhesion-related chemical characteristics of E. grandis 
sapwood and heartwood impregnated with copper azole (CA) and disodium octaborate tetrahydrate (DOT) 
wood preservatives. The characterization techniques employed include scanning electron microscopy 
integrated with energy-dispersive X-ray spectroscopy and Fourier transformed infrared spectroscopy. The 
results showed that CA and DOT impregnations significantly altered the acidity and reduced the polar 
functional groups on E. grandis sapwood and heartwood surfaces. The effect was more pronounced with DOT 
impregnation and on the sapwood. The observed modifications decreased the wood adhesion potential by way 
of limited opportunity for chemical bonding with adhesive molecules. Furthermore, there is high tendency for 
hinderance of adhesion via mechanical interlocking by chemical deposits particularly in copper azole-
impregnated wood. This study established the fundamental chemistry of interactions between CA, and DOT 
wood preservatives and E. grandis sapwood, and heartwood concerning surface adhesion mechanisms. 
Keywords: Wood preservation; Adhesion; Eucalyptus grandis; surface modification; scanning 
electron microscopy; energy-dispersive X-ray spectroscopy; Fourier transformed infrared 
spectroscopy 
Introduction 
There has been significant research progress towards the utilization of Eucalyptus grandis as hardwood raw 
material for structural mass timber products such as glued- and cross-laminated timber (Crafford and Wessels, 
2016; Pröller, 2017; Lahr et al., 2018; Dugmore et al., 2019; Wessels et al., 2020). However, Eucalyptus wood 
composite is subjected to the same limitations as other previously established mass timber species in terms of 
wood biodeterioration. In this regard, durability concerns have been a major barrier to the global adoption of 
mass timber products, precisely in tropical and subtropical regions (Wang et al., 2018). The need for durable 
Stellenbosch University https://scholar.sun.ac.za
71 
wood products in these regions cannot be overemphasized considering the extent of biological damages to 
wooden structures. Dietsch and Tannert (2015) reported that wood biodeterioration is one of the most prevalent 
damages to timber structures. Thus, if the current resurgence in wood building and construction is to advance 
globally, durability treatment cannot be circumvented. On the other hand, a major drawback to the use of 
preservative-treated wood in composite manufacture is that adhesion strength is adversely affected by 
preservative chemical impregnation (Frihart, 2003; Özçifçi, Örs and Uysal, 2007; Yang et al., 2012; Lim, 
Tripathi and Tang, 2020). Wood impregnations that include waterborne chemicals such as copper-based 
(Frihart, 2003; Lorenz and Frihart, 2006; Faria et al., 2020), and boron compounds (Özçifçi, 2006; Özçifçi, 
Örs and Uysal, 2007); micronized copper azole (Lim, Tripathi and Tang, 2020); light organic solvent 
preservatives such as permethrin, deltamethrin, and propiconazole (Alipon, Garcia and Bondad, 2018; Faria 
et al., 2020); other synthetic preservatives such as chlorothalonil and zinc naphthenate (Vick, 1990); and 
natural compounds such as extracts of plant and wood origin (Prayitno and Widyorini, 2016; Yalcin and 
Ceylan, 2017; Ziglio, Sardela and Gonçalves, 2018) have been reported to adversely affect adhesion strength. 
The preservative type, retention, and chemical composition are critical factors in this regard (Vick and Kuster, 
1992; Vick, 1993; Özçifçi, 2006; Özçifçi, Örs and Uysal, 2007; Temiz et al., 2016). 
Adhesion mechanisms depend on the adherend’s surface chemical attributes which influence reactivity 
with adhesives (Baldan, 2012). In-depth evidence on chemical characteristics changes would contribute 
immensely to the fundamental knowledge required for adapting bonding process pathways or adhesive 
reformulation towards enhanced adhesion in preservative-treated wood. Besides, the chemical characteristics 
of individual wood species vary with sapwood and heartwood due to differences in the extractives, 
carbohydrates, and lignin contents. For instance, Xiao et al (2019) reported a more lignified heartwood 
compared to the sapwood of E. urophylla × E. grandis whereas higher carbohydrate content was reported in 
the latter. Considering that wood properties and utilization depend on the chemical composition (Li et al., 
2019), such variations could have a significant impact on wood polymer-preservative-adhesive chemical 
interactions, and ultimately on adhesive-bond formation and strength. Therefore, the focus of this study was 
to investigate changes in chemical characteristics of South African-grown E. grandis sapwood and heartwood 
impregnated with two of the commonly used wood preservatives in South Africa viz. copper azole and 
disodium octaborate tetrahydrate.  
Baldan (2012) pointed out the usefulness of characterization techniques that include scanning electron 
microscopy, and infrared spectroscopy for probing chemical characteristics of surfaces in relation to adhesion 
mechanisms. Thus, this characterization study employed scanning electron microscopy integrated with energy-
dispersive X-ray spectroscopy, and Fourier transform infrared spectroscopy to investigate post-impregnation 
changes in chemical characteristics of E. grandis sapwood and heartwood surfaces. Also, wood acidity and 
buffer capacity were evaluated due to pH influence on wood-adhesive interface development, bondline pH 
stability, and resin cure (Aydin, 2004; Xing, Zhang and Deng, 2004; Huang et al., 2010). The impacts of the 
investigated properties and the observed changes were related to the surface adhesion capabilities and potential 
influence on adhesive bonding. 
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Materials and methods 
Materials  
Boards of Eucalyptus grandis were obtained from the Merensky Eucalyptus plantations located in Tzaneen, 
Limpopo, South Africa. Concentrate of copper azole (CA) – Tanalith® E and disodium octaborate tetrahydrate 
(DOT) wood preservatives were provided by chemical manufacturers Lonza Wood Protection t/a Arch Wood 
Protection (SA) (Pty) Ltd. South Africa, and Dolphin Bay South Africa, respectively. Two preservative 




Heartwood and sapwood were determined on wedges extending from the pith to bark according to Githiomi 
and Dougal (2012) using methyl orange (Fig. I-b) as reported by Gonya (2020). The sapwood was obtained 
from boards close to the bark (Fig. I-a, position 3) while the heartwood was obtained from samples containing 
pith boards (Fig. I-a, position 0). The wood samples, 304 x 64 x 19 mm, were conditioned at 21 ±2 °C and 65 
±5% relative humidity (RH) to 12 ±1% moisture content (MC). Thereafter, the sapwood and heartwood 
samples were separately pressure-impregnated at 640 kPa for 1 h through an empty cell process. 1 mm of the 
untreated and treated wood surfaces was carefully trimmed, ground, and sieved to obtain 250-micron wood 
powders. The obtained wood powders for each treatment group were thoroughly mixed before further use. 
Figure I: (a) Schematic diagram of board position in the log. Positions 0 and 3 represent pith boards and boards closest 
to the bark (sideware), respectively; (b) sapwood/heartwood determination test on a wedge sample tapering towards the 
pith. 
SOURCE: (a) Redrawn from Prins (2021); (b) Gonya (2020). 
pH determination and buffer capacity 
One gram of powdered wood samples was measured into a 100 ml beaker and distilled water was gradually 
added to the 70 ml mark. Sample solutions were prepared in triplicates and stirred every five minutes during 
a one-hour soaking period at ambient laboratory conditions. At the end of the soaking period, a pH meter pre-
calibrated with standardized solutions was used to measure the pH value of the unfiltered mixture according 
to the method used by Wang et al. (2010). With similar sample preparation, the buffer capacity of each sample 
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was also determined as described by Wang et al. (2010) with slight changes. The samples were titrated only 
with 0.01 N HCL to pH 3. The lower acid concentration used in this study was to enable a gradual observation 
of the chemical changes while avoiding over-titration. The buffer capacity was calculated as a fraction of the 
amount of HCL (mmol/L) required to attain target pH 3 and the resultant pH change as presented in Eq. 1: 
𝐵𝐵𝐵𝐵𝑓𝑓𝑓𝑓𝑅𝑅𝐵𝐵 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅𝑐𝑐 (𝑚𝑚𝑚𝑚𝑅𝑅𝑙𝑙/𝐿𝐿)
=  
𝐻𝐻𝐶𝐶𝐿𝐿 𝑐𝑐𝑚𝑚𝑅𝑅𝐵𝐵𝑅𝑅𝑅𝑅 𝐵𝐵𝑅𝑅𝑟𝑟𝐵𝐵𝑅𝑅𝐵𝐵𝑅𝑅𝑟𝑟 𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝐵𝐵𝑐𝑐𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅 𝑐𝑐𝐻𝐻 3
𝐶𝐶ℎ𝑐𝑐𝑅𝑅𝑘𝑘𝑅𝑅 𝑅𝑅𝑅𝑅 𝑐𝑐𝐻𝐻
                                 (1) 
A two-way analysis of the mean was used to determine the statistical significance of the difference in 
pH and buffer capacity due to wood type and preservation treatments. The statistical analysis was performed 
using Minitab Software v.18. 
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)  
SEM-EDS was performed to evaluate the wood surface elemental composition and distribution. A Zeiss EVO 
electron microscope (Carl Zeiss Microscopy, Germany) with SmartSEM (Zeiss electron imaging) software, 
and INCA Energy system software, OxfordAztec (Oxford Instruments, Oxfordshire OX135QX, UK), 
equipped with backscattered electron detector (Carl Zeiss Microscopy, Germany) and EDS Oxford 
Instruments® XMax 20 mm2 were used. The dried wood powder sample was placed on carbon tape mounted 
on Aluminium SEM stubs. Conductive coating application on the dried sample was done with 10 nm gold 
(Leica EM ACE200). An accelerating voltage (EHT) of 20kV, beam current of 11nA, and working distance 
of 8.5mm were used for the EDS set-up. The quantitative analysis of the detected elements’ concentrations 
was based on the EDS sensitivity limit of 0.1 wt% minimum. 
Fourier transform infrared spectroscopy (FTIR) 
Changes in E. grandis sapwood and heartwood surface chemical functionalities due to CA and DOT 
impregnations were evaluated. The surface functional groups were determined by FTIR spectroscopy. 
Powdered wood samples were pressed against diamond crystal and spectra were recorded using a Thermo 
Nicolet Nexus 870 FT-IR device with an attenuated total reflectance (ATR) unit at 4000 – 650 cm-1 range, 8 
cm-1 resolution, and 64 scans per sample. A pre-investigation background scan and correction were carried out
before each analysis. Baseline corrections, qualitative and quantitative analyses of the spectra were done using
OMNIC 9.2.86 software (Thermo Fisher Scientific Inc., US).
Results and discussion 
pH and buffering capacity 
Both CA and DOT impregnations significantly raised the pH values of E. grandis wood surfaces (Fig. II). 
Except at 4% CA (yet, almost neutralized), the pH of the sapwood and heartwood surfaces changed from acidic 
to the alkaline region (Fig. II). Considering that most adhesives are formulated for the natural pH range 
(acidity) of wood, the buffer capacity was evaluated in terms of the required HCL amount to attain target pH 
3. The interaction effect of wood type and preservative type was not statistically significant (α = 0.05) on the
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pH (Fig. III) whereas it was statistically significant (α = 0.05) on the buffer capacity (Fig. IV). The significant 
interaction effects on the buffer capacity involved the wood types and the lower concentration levels of both 
CA and DOT whereas the interaction effect at the higher concentration levels was not statistically significant 
(Fig. IV). For the main effects of wood type on both the pH and buffer capacity, the sapwood had a significantly 
higher mean pH value and buffer capacity in contrast to the significantly lower mean pH value and buffer 
capacity of the heartwood (Fig. III and Fig. IV respectively). This affirms the more acidic nature of the 
heartwood compared to sapwood which is attributable to more alkaline-earth metals in the latter (Hillis, 1999). 
For the main effect of wood treatment, the pH difference between all the group means and the overall mean 
was statistically significant (α = 0.05) (Fig. III). Likewise, all the treatment group means except 4% DOT also 
had a statistically significant (α = 0.05) buffer capacity difference from the overall mean (Fig. IV). 
Figure II: pH and buffer capacity of untreated and treated E. grandis sapwood and heartwood. The reference line in the 
pH panel indicates the pH neutralization level. Areas below and above the reference line are acidic and alkaline regions, 






















Figure III: Interaction and main effect plots of two-way analysis of means for pH. Top and bottom reference lines indicate 
upper and lower decision limits, respectively. The mid reference line in the interaction effects plot indicates the center 
point for the no interaction effect region. The mid reference line in the main effects plots indicates the overall mean. 
Rounded blue and squared red points indicate not statistically and statistically significant levels, respectively. 
Figure IV: Interaction and main effect plots of two-way analysis of means for buffer capacity. Top and bottom reference 
lines indicate upper and lower decision limits, respectively. The mid reference line in the interaction effects plot indicates 
the center point for the no interaction effect region. The mid reference line in the main effects plots indicates the overall 
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The surface pH influences wood reactivity, adhesive curing rate, and bond development (Christiansen, 
1994; Gindl et al., 2004). Özçifçi et al. (2007) reported that wood impregnation with acidic preservative 
solutions that include boric acid, borax-boric acid mixture, diammonium phosphate, and Tanalith-C 3310 
adversely affected bonding of Scots pine, oriental beech, and poplar laminated veneer lumber with an alkaline 
phenol-formaldehyde adhesive. The authors reported a more elastic glue-line and weakened adhesion strength 
due to the acidity. Earlier Özçifçi (2006) had reported that the acidity of similarly impregnated elm and pine 
adversely affected the shear strength of phenol formaldehyde-bonded joints. Likewise, the natural acidity of 
E. grandis significantly retarded the curing of phenol-formaldehyde and tannin-based adhesives (van Niekerk
and Pizzi, 1994; Xing, Zhang and Deng, 2004). Urea-formaldehyde resin bond strength was also reportedly
affected by adherend’s acidity (Park, Kim and Riedl, 2001; Xing, Zhang and Deng, 2004). On the other hand,
Huang et al. (2010) reported negligible bondline pH changes in spruce and Douglas-fir joints bonded with
melamine-formaldehyde, and melamine-urea-formaldehyde acidic adhesives whereas significant changes
were observed using phenol-formaldehyde, and phenol-resorcinol-formaldehyde alkaline adhesives. The
authors noted easier migration of hydroxyl ions (OH¯) from the alkaline adhesive-based joints whereas
hydrogen ions (H+) migration from acidic adhesive-based bondline only occurred at extreme wet conditions.
Wang et al. (2010) also reported that the pH of acid-catalyzed melamine-urea-formaldehyde adhesive slightly
increased in the presence of different wood species that include Douglas fir, red pine, spruce, and aspen
whereas alkaline phenol-formaldehyde was significantly buffered. The vulnerability of alkaline adhesive to
neutralization by wood acidity is connected to the dissociation of weak phenolic acid (C6H5OH) in lignin, and
carboxylic acid (R-COOH) and acetyl groups (CH3CO) in hemicellulose (Huang et al., 2010). These findings
point towards the incompatibility of acidic wood surfaces with alkaline adhesive in the absence of adequate
buffer.
From the foregoing, it could be assumed that the change from acidic to alkaline wood surface as 
observed in this study would favour bonding with alkaline adhesives. In that regard, a lesser amount of buffer 
component would be required in such alkaline adhesive formulation for CA and DOT-impregnated woods. 
Contrary, the observed pH increase could cause a significant delay in the polymerization reaction required for 
curing of acid-catalyzed adhesives such as melamine-urea-formaldehyde (Zanetti and Pizzi, 2003; Xing, 
Zhang and Deng, 2004; Bang-achton, 2008; Schmidt et al., 2012). In the latter scenario, other challenges such 
as resin overpenetration are probable thereby causing resin-starved pockets at the wood-adhesive interphase, 
and ultimately poor adhesion strength. Thus, wood surface pH is a very sensitive factor as far as adhesion is 
concerned and pH requirements vary depending on the adhesive system (Aydin, 2004). Zanetti and Pizzi 
(2003) noted that very high pH is unsuitable for polycondensation reaction, and that degradation is a major 
problem at very low pH. Huang et al. (2010) affirmed that wood-adhesive interface and bondline are subject 
to the influence of low or high pH. Therefore, pH compatibility for adherend-adhesive combination must be 
ensured to promote good adhesion. 
Contrary to the CA-impregnation effects on wood acidity as observed in this study, CCA-impregnation 
reportedly lowered wood pH (Dahlgren and Hartford, 1972; Pizzi, 1982; Cooper and Ung, 1992; Staccioli, 
Sturaro and Rella, 2000). Although both CA and CCA are copper-based waterborne formulations, their 
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different chemical compositions are attributable to different impacts on wood acidity. Similarly, CA and DOT 
had varied effects on wood acidity as observed in this study. This confirms that wood pH is significantly 
influenced by treating chemical composition. The buffer capacity obtained from the different treatments in this 
study showed a contrasting pattern to the observed pH change. For example, despite the lower pH value of 4% 
CA compared to 8% CA, the former required more acid to reach the target pH 3 in the heartwood (Fig. II). 
Also, notwithstanding the comparable starting pH values, conspicuously higher volumes of acid were required 
to attain target pH 3 for DOT-impregnated sapwood compared to heartwood at both concentration levels (Fig. 
II). This showed that in contrast to the pH difference between the E. grandis sapwood vs. heartwood, the 
difference in their buffer capacity was more pronounced. Thus, this suggests that E. grandis sapwood-
heartwood variations would influence reactivity with adhesives differently. 
Based on the wood pH changes observed in this study in conjunction with literature evidence, adopting 
alkaline adhesives would favour bondline pH stability in CA and DOT-impregnated E. grandis joints. 
Conversely, the addition of buffer agents to acidic adhesives could compensate for the pH modification in CA 
and DOT-impregnated E. grandis wood. More buffer agents would be required in adhesive formulation for 
DOT-impregnated wood with high sapwood content. However, it is also important that bonding conditions 
such as assembly times are adapted based on pH ranges to ensure proper adhesive cure (Xing, Zhang and 
Deng, 2004). In essence, the decision as to better adhesion cannot be solely based on the pH and buffer capacity 
because adhesion is a phenomenon with many intricately linked processes. Rather, the pH and buffer capacity 
are useful parameters for adhesive compatibility and formulation. 
Surface elemental composition and distribution 
The distribution of the identified chemical elements on E. grandis sapwood and heartwood surfaces with and 
without CA and DOT impregnations are shown in SEM micrographs (Figs. V and VI). The percent 
composition of the chemical elements determined by EDS and the oxygen to carbon ratios (O/C) are presented 
in Fig VII. The prominent modifications observed include changes in the carbon and oxygen presence and 
deposition of copper, boron, and sodium on the wood surfaces. In the untreated samples, the carbon content 
on the heartwood surface was higher than that of sapwood whereas the oxygen content was higher in the latter 
(Figs. V–VII; Supplementary Table S-I). This carbon-oxygen relationship is relatable to better hydrophilicity 
of sapwood compared to heartwood (Gindl et al., 2004). The higher carbon content on the heartwood surface 
is attributable to higher lignin C=C, alkane C–C, and C–H bonds as later found in this study (see section 3.3). 
The higher oxygen content on the sapwood surface is attributable to a higher amount of water molecules H–
O–H observed in the sapwood compared to the heartwood (Fig. X). The carbon dominance reduced on CA- 
and DOT-impregnated E. grandis sapwood and heartwood surfaces compared to untreated samples (Figs. V–
VII; Supplementary Table S-I). The reduced carbon percentage is attributable to the deposition of other 
chemical elements from the treating chemicals. The oxygen present on the surface of CA and DOT-
impregnated sapwood samples, except at 8% DOT, reduced slightly whereas both CA and DOT- impregnated 
heartwood surfaces became more oxygenated (Figs. V–VII; Supplementary Table S-I). The reduced oxygen 
percentage on the CA-impregnated sapwood surface had a negligible difference (0.2%) between 4% and 8% 
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concentration levels. This indicated that the CA concentration effect on the oxygen amount on the sapwood 
surface is negligible in contrast to the observed variation due to DOT concentration (Supplementary Table S-
I). The increased oxygen percentage in the CA and DOT-impregnated heartwood surfaces showed different 
trends. Contrary to observation in DOT-impregnated samples, 4% solution yielded more oxygenated surface 
than 8% in CA-impregnated samples. The probable reason for this observation could not be ascertained. On 
the other hand, the more pronounced oxygen presence on 8% DOT impregnated sample surface as observed 
in both sapwood and heartwood is attributable to the oxide component, approx. 69% (Disodium Octaborate 
Tetrahydrate (DOT) | Applications and Specifications, 2019), and higher concentration in the 8% DOT. This 
also accounts for the higher oxygen presence in DOT samples compared to CA samples at both low and high 
concentration levels. The results obtained showed that the heartwood surface of E. grandis is more oxygenated 
when impregnated with CA and DOT compared to the sapwood and untreated samples. This serves as a pointer 
that surface oxygenation of impregnated-E. grandis is an attribute of the heartwood component.  
In adhesion science, the oxygen to carbon (O/C) ratio is of major interest because its increase is 
associated with better surface wetting and vice versa (Šernek, 2002). The O/C ratios in CA-impregnated 
sapwood at both 4% and 8% concentration levels were comparable to that of untreated sapwood (Fig. VII; 
Supplementary Table S-I). Contrary, the O/C ratio increased distinctly with the increase in DOT concentration 
in the sapwood (Fig. VII; Supplementary Table S-I). In the heartwood samples, the O/C ratio increased with 
both CA and DOT impregnation exhibiting a similar heartwood surface oxygenation pattern as earlier 
described (Fig. VI; Supplementary Table S-I). The results obtained showed that both CA and DOT 
impregnations improved the O/C ratio. Similar observations in water-based preservative-treated wood were 
reported in the literature. Maldas and Kamdem (1998) reported a more oxygenated surface and higher O/C 
ratio in CCA-treated compared to untreated wood. Theoretically, the observed improvement in the O/C ratio 
would favour wood wetting. However, excellent adhesion is not guaranteed with only good wetting rather until 
adhesive curing is completed (Gindl et al., 2004). Thus, regardless of the improved O/C ratio, good adhesion 
of the impregnated wood is subject to other factors such as porosity, and surface chemical reactivity which 
could be influenced by chemical deposits. 
The elemental analysis of the CA-impregnated samples revealed that the sapwood surface contained 
more copper deposits than the heartwood surface (Fig. V). However, the difference in the volume of copper 
deposits between low and high concentration levels was more pronounced on the heartwood than sapwood 
samples (Fig. VII; Supplementary Table S-I). Boron deposits on the surface of DOT-impregnated samples 
were lower compared to copper deposits on CA-impregnated samples at both concentration levels (Fig. VII; 
Supplementary Table S-I). This could be attributed to the diffusion capabilities of boron that enabled migration 
from the treated surfaces into the wood bulk (Dhamodaran and Gnanaharan, 2007). The report from a study 
by Dhamodaran and Gnanaharan (2006) affirmed the diffusibility of boron with high retention (7.7 kg/m3) in 
partially dried (32% MC) E. grandis impregnated with 6% b.a.e boron solution.  At higher DOT concentration, 
more boron and sodium deposit was observed on the surfaces of both sapwood and heartwood (Fig. VII; 
Supplementary Table S-I).  
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Despite the improved O/C ratio, the preservative chemical deposits on the E. grandis sapwood and 
heartwood surfaces showed that CA and DOT impregnations could adversely affect adhesion in other ways 
connected to the surface elemental composition. These adverse impacts include pore closure that could obstruct 
adhesive flow and penetration beyond the treated surface (Christiansen, 1994; Miyazaki et al., 1999; Gindl et 
al., 2004); reduced mechanical interlocking and molecular contact between adhesive and wood (Baldan, 2004; 
Tascioglu, 2007); and chemical reactivity-induced alteration of resin cure (Christiansen, 1994; Miyazaki et al., 
1999; Gindl et al., 2004). 
Figure V: Surface elemental distribution in E. grandis sapwood (a) untreated, (b) 4% CA, (c) 8% CA; and heartwood 
(d) untreated, (e) 4% CA, (f) 8% CA.
Note: Carbon (red dots), oxygen (light blue dots), copper (purple dots), other elements are denoted in the colour code 
inset of each image.
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Figure VI: Surface elemental distribution in E. grandis sapwood (g) untreated, (h) 4% DOT, (i) 8% DOT; and 
heartwood (j) untreated, (k) 4% DOT, (l) 8% DOT.
Note: Carbon (red dots), oxygen (light blue dots), all the elements are denoted in the colour code inset of each image.
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Figure VII: Surface elemental composition of untreated and treated E. grandis sapwood and heartwood 
Note1: Elements lighter than boron such as hydrogen are excluded in the analysis due to EDS limitations 
Note2: The minimum detectable concentration limit for the EDS analysis is 0.1 weight%. 
Surface functional groups 
A key feature of spectra obtained from IR spectroscopy is the possibility of obtaining both qualitative and 
quantitative information on changes in chemical properties (Rodrigues, Faix and Pereira, 1998; Hinterstoisser 
et al., 2003; Pandey and Pitman, 2003). In this study, FTIR spectroscopy was used to evaluate, qualitatively 
and quantitatively, changes in surface chemical functional groups of E. grandis sapwood and heartwood due 
to CA and DOT  impregnations. The analyzed FTIR spectra for the sapwood and heartwood are presented in 
Fig. VIII and Fig. IX, respectively. Comparison of between-group band intensity variation percentage is shown 
in Fig. X while the actual band areas are presented in Supplementary Table S-II. The functional groups, 
identified by absorption bands comparison with characteristic wood FTIR spectra in the literature (Dirckx et 
al., 1992; Pandey and Pitman, 2003; Lai and Idris, 2013; Emmanuel, Odile and Céline, 2015), are detailed in 
Table I. The obtained FTIR spectra are predominantly characterized by minor band shifts, pronounced changes 
in band intensity, and few band disappearances attributable to the effect of CA and DOT impregnations. The 
within-group changes in the band intensities for both sapwood and heartwood spectra exhibited specific 
patterns across treatments except for few absorption bands. These exceptions include the disappearance of 
absorption band 829 cm-1 corresponding to alkane carbon to carbon delta-bonded (δ (C–C)) group in 4% CA 
whereas the peak appeared with a minor band shift (≈ 827 cm-1) in the 8% CA sapwood spectra (Fig. VIII). 
The intensities of the δ (C–C) band, and absorption band 1326 cm-1 corresponding to out-of-plane methylene 
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(Fig. X). The δ (C–C) band intensity in 8% DOT spectrum was also higher than that of untreated sapwood 
spectrum (Fig. X). Other band disappearances in the treated sapwood include the absorption band 1644 cm-1 
corresponding to delta-bonded water molecules (δ (H–O–H)) of cellulose and hemicellulose in 8% CA, 
absorption bands 1504 cm-1 and 897 cm-1 corresponding to alkene carbon to carbon delta-bonded (δ (C=C)) 
aromatic cycle and alkane carbon to carbon vibration stretch (ν (C–C)), respectively in 8% DOT, and 
absorption band 1458 cm-1 corresponding to delta-bonded methylene (δ (CH2)) and methyl (CH3) groups in 
both 4% and 8% DOT sapwood spectra (Fig. VIII). In the heartwood spectra, the disappearance of δ (CH2) 
and (CH3) band was observed in 8% DOT (Fig. VIII). The ν (C–C) band intensity was lower in 8% DOT than 
4% DOT (Fig. X). The absorption band 1155 cm-1 corresponding to asymmetric vibration of ether linkage (νaѕ
(C–O–C)) was slightly lower in 8% CA than 4% CA (Fig. X). The δ (H–O–H) band was absent in the 
heartwood spectra for CA and DOT treatments at both low and high concentration levels (Fig. VIII). The δ 
(C–C) band was absent in untreated and CA-treated heartwood spectra whereas the peak appeared in 4% and 
8% DOT spectra (Fig. VIII). A new peak emerged in each of 4% CA (absorption band 1104 cm-1 ) and 8% 
DOT (absorption band 781 cm-1) heartwood spectra (Fig. VIII). The absorption band 1104 cm-1 corresponds 
to carbon to oxygen stretch of alcohol (ν (C–O)) and hydroxyl vibration (ν (O–H)). The functional group of 
the absorption band 781 cm-1 could not be established however out-of-plane H–O–H is suspected (Xiao et al., 
2019). Rana et al. (2010) also observed the unidentified 781 cm-1 absorption band in the spectrum of the tropical 
wood Hopea plagata but couldn’t establish the compounds. 
Excluding where otherwise mentioned in the exceptions above, the intensity of all the functional 
groups on the surfaces of the sapwood and heartwood samples decreased after CA and DOT impregnations 
(Figs. VIII–X; Supplementary Table S-I). Besides, for most of the functional groups in the sapwood, the 
increase in treatment concentration further reduced the band intensity (Fig. X). Contrary, at higher 
concentrations, CA and DOT impregnation had a lesser effect on nearly all the identified functional group 
intensity in the heartwood samples (Figs. VIII–X; Supplementary Table S-I). The reason behind the latter 
observation could not be fully ascertained, however, limited heartwood permeability coupled with higher 
solution viscosity at higher concentration could have lessened the reactivity between the wood polymer and 
preservative chemical components. 
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Figure VIII: FTIR spectra showing baseline correction, band area (A), and peak center (C) of the different absorption 
band regions in untreated, CA-, and DOT-impregnated E. grandis sapwood samples. Spectra peak analyses were 
done at sensitivity range of 74 – 95% and absolute threshold range of 0.029 – 0.052. 
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Figure IX: FTIR spectra showing baseline correction, band area (A), and peak center (C) of the different absorption 
band regions in untreated, CA-, and DOT-impregnated E. grandis heartwood samples. Spectra peak analyses were done 
at sensitivity range of 86 – 97% and absolute threshold range of 0.021 – 0.053. 
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Table I: Designation of FTIR vibration frequency wavenumbers (cm-1) for untreated, CA-, and DOT-treated E. grandis sapwood and heartwood 
Sapwood Heartwood Band assignment 
(Dirckx et al., 
1992; Emmanuel, 
Odile and Céline, 
2015)















Comment (Pandey and Pitman, 2003; Lai 
and Idris, 2013)
3339 3334 3332 3333 3334 3337 3334 3332 3329 3337 ν (O–H) 
2890 2893 2889 2897 2896 2891 2894 2895 2894 2895 ν (C–H) a
1733 1732 1733 1732 1733 1732 1732 1732 1732 1733 ν (C=O) Unconjugated C=O in xylans 
(Hemicelluloses) 
1644 1636 - 1646 1642 1637 - - - - δ (H–O–H) 
1593 1592 1592 1594 1594 1594 1593 1593 1594 1594 δ (C=C) b Aromatic skeletal vibration in lignin 
1504 1503 1503 1503 - 1504 1503 1503 1503 1502 δ (C=C) b Aromatic skeletal vibration in lignin 
1458 1458 1458 - - 1458 1458 1457 1454 - δ (CH2) & (CH3) C–H deformation in lignin and carbohydrates 
1422 1421 1421 1419 1417 1422 1422 1421 1420 1418 δs (CH2) & (CH3) C–H deformation in lignin and carbohydrates 
1369 1368 1368 1369 1368 1368 1368 1368 1370 1368 δ (CH) - δѕ (CH3) 
CH deformation in cellulose and 
hemicellulose 
1326 1326 1325 1324 1324 1327 1322 1326 1325 1324 γ (CH2) & δ (O–H) 
C–H vibration in cellulose and C–O 
vibration in syringyl derivatives 
1233 1233 1233 1234 1234 1234 1234 1233 1234 1233 ν (C–O) Syringyl ring and C–O stretch in lignin and xylan 
1155 1155 1155 1155 1155 1154 1156 1154 1155 1155 νaѕ (C–O–C) 
C–O–C vibration in cellulose and 
hemicellulose 
- - - - - - 1104 - - - ν (C–O) & ν (O–H) 
1024 1026 1027 1026 1026 1023 1028 1025 1023 1025 νѕ (C–O–C) 
897 897 897 900 - 897 897 897 897 898 ν (C–C) C–H deformation in cellulose 
829 - 827 813 811 - - - 817 812 δ (C–C) 
- - - - - - - - - 781 Not confirmed d 
- absent; a aliphatic; b aromatic cycle; ar aromatic; d γ (H–O–H) (Xiao et al., 2019) suspected.
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Figure X: Percent relationship of surface functional group intensities in untreated, CA-, and DOT-impregnated E. 
grandis sapwood and heartwood samples. 
Probable impacts on adhesion via chemical bonding 
The O–H and H–O–H are important functional groups with regards to wood polarity and hydrophilicity. In 
untreated E. grandis spectra, the O–H band intensity was lower in sapwood than heartwood meaning more O–
H presence on the latter surface. This is attributable to a higher amount of phenol O–H due to more phenolic 
compounds in the heartwood compared to sapwood (Morais and Pereira, 2007; Miranda et al., 2017). The 
decreased O-H intensity post-impregnation with CA and DOT was lesser and comparable for both treatments 
in sapwood whereas DOT impregnation decreased the O–H intensity more in the heartwood samples. This 
signals higher O–H reactivity on the heartwood surface compared to sapwood, and between DOT and 
heartwood components compared to CA and heartwood components. The decreased O–H intensity in CA-
impregnated samples could be attributed to the interaction of the CA components with ionized carboxylic acid 
(R-COOH) and phenolic O–H groups in wood to form copper carboxylate and phenolate complexes (Zhang 
and Kamdem, 2000; Mazela et al., 2005; Zhang, Kamdem and Temiz, 2009). Staccioli et al. (2000) noted the 
affinity of copper salts to wood polymer structures and deprotonation of phenolic groups during copper-lignin 
complexes formation. The authors also noted the probable formation of copper-cellulose hydroxyl complexes 
in copper-based treated wood. The reduced O–H intensity in DOT-impregnated samples could be attributed to 
the reaction of boron with wood polysaccharides O–Hs to form cyclic borate ester complexes but subject to 
the O–H positions (Ramos, Jorge and Botelho, 2006). Hence, the amount of available O–H on the wood surface 












Sapwood Untreated Sapwood 4% CA Sapwood 8% CA Sapwood 4% DOT Sapwood 8% DOT
Heartwood Untreated Heartwood 4% CA Heartwood 8% CA Heartwood 4% DOT Heartwood 8% DOT
Stellenbosch University https://scholar.sun.ac.za
87 
meant reduced adhesion opportunities via hydrogen bonding with adhesive molecules. 
The higher H–O–H intensity in untreated sapwood spectrum compared to heartwood spectrum is 
attributable to the characteristic water-conducting xylem tracheids in the sapwood. The effect of CA and DOT 
impregnations on the H–O–H was more pronounced in the heartwood resulting in the absorption band absence 
at low and high concentration levels of both treatments (Fig. IX, and Fig. X). The decreased H–O–H intensity 
and band disappearances in CA-impregnated samples could be attributed to probable interaction with the 
amine component of the CA resulting in the formation of ammonium (NH4+) and hydroxide (OH–) ions in the 
wood (Birk, 2020). The resulting OH– could further bind with copper component (e.g., copper (II) ion) to form 
copper hydroxide (Cu(OH)2) solid deposits in the wood (Birk, 2020). The presence of solid copper deposits is 
noted to create a barrier against adhesion via mechanical interlocking (Lorenz and Frihart, 2006). The reduced 
H-O-H intensity in DOT-impregnated samples could be attributed to the deposition of boric acid via DOT
reaction with the water molecules in wood, and subsequent complexation reaction with O–Hs (Peylo and
Willeitner, 1999; Caldeira, 2010). The decreased intensity of O–H and H–O–H absorption bands indicated that
CA and DOT impregnations reduced the hydrophilic and polar character of E. grandis sapwood and heartwood
surfaces. This is undesirable for wettability as well as adhesion via chemical bonding reactions.
The decreased band intensities of other oxygen-containing functional groups that include C–O, C=O, 
and C–O–C also signified reduced wood hydrophilicity and limited hydrogen bonding opportunities due to 
CA and DOT impregnations. C–O bonds are polar due to the electronegativity difference between carbon and 
oxygen thus contributing to wood hydrophilicity. Although there is limited possibility of hydrogen bonding 
via the C–O–C ether linkage, the C–O–C functional group also contributes to wood polarity due to more 
electronegativity of the oxygen atom than the carbon atoms. Therefore, the reduction of C–O–C functional 
groups could also contribute to a more hydrophobic wood surface. Sauerbier et al. (2018) and Žigon et al. 
(2020) noted that the reduction in the amount of the oxygen-containing functional groups is connected to 
decreased polar components and wettability of wood. Considering the weakly electrophilic nature of the 
carbonyl (C=O) functional group, the reduced C=O intensity is attributable to hydrolyzed ester C=O into 
aromatic R-COOH due to the alkalinity of the CA and DOT preservatives (Zhang and Kamdem, 2000; Zhang, 
Kamdem and Temiz, 2009). Furthermore, in the presence of copper amine, R-COOH dissociation occurs to 
give copper carboxylate salt (Zhang and Kamdem, 2000). Moreover, the amine (a strong nucleophile) 
component of CA could undergo nucleophilic addition to the C=O with subsequent deprotonation to give off 
water and form imine or enamine via reactions with primary or secondary amines respectively (Nucleophilic 
Addition of Amines: Imine and Enamine Formation, 2021). In the latter reaction, due to hydrogen deficit on 
the amine’s nitrogen, an adjacent carbon loses its hydrogen thereby forming a C=C bond (Nucleophilic 
Addition of Amines: Imine and Enamine Formation, 2021). The higher C=C intensity in the CA-treated spectra 
compared to the DOT spectra could be partly related to the product of this dehydrogenation reaction, as well 
as carboxylate formation during CA interaction with phenol O–H (Zhang, Kamdem and Temiz, 2009). 
The C=C intensity at absorption bands 1593 cm-1 and 1504 cm-1 indicates the intensity of lignin 
molecules on the wood surface (Dirckx et al., 1992; Emmanuel, Odile and Céline, 2015). The higher C=C 
intensity in untreated heartwood compared to sapwood is attributable to more lignin presence in the heartwood. 
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The reduced intensity of the 1593 cm-1 absorption band in CA and DOT spectra is attributable to the loss of 
methoxy group on the lignin gauaicyl unit (Zhang, Kamdem and Temiz, 2009). To evaluate lignin 
demethylation, the absorption band 1504 cm-1 was used as a lignin benchmark according to the method of 
Pandey and Pitman (2003) with a change in the response variable. The authors used the peak height for ratio 
estimation whereas in this study the absorption band area was used. The band area accounts for all points 
within an absorption band region thus providing a better representation than peak height that is based on a 
single point within an absorption band area. The disappearance of the absorption band 1504 cm-1 at 8% DOT 
in sapwood, absorption band 1458 cm-1 at 4% DOT in sapwood, and 8% DOT in both sapwood and heartwood 
could be attributed to severe demethylation of lignin post-DOT impregnation. Slightly lower 1458 cm-1/1504 
cm-1 ratios were recorded in CA-impregnated compared to untreated samples in both sapwood and heartwood 
(Table II). Thus, the reduced C=C intensity observed in the CA-impregnated spectra could be attributed to 
carbohydrate deformation rather than lignin demethylation (Pandey and Pitman, 2003). However, the increased 
1422 cm-1/1504 cm-1 band ratio in all treatments except 8% DOT sapwood suggests cleavage of ether bonds 
in lignin by active chemical elements of the preservatives.
Table II: Absorption band area ratio (R) for estimation of lignin demethylation, the percent decrease in carbon 1 (C1) 
and carbon 2 (C2) contents relative to untreated samples, and C1/C2 ratio of E. grandis sapwood and heartwood post-
impregnation with CA and DOT.  
Treatment 
Sapwood Heartwood 
R1 R2 C1 C2 C1/C2 R1 R2 C1 C2 C1/C2 
Untreated 1.30 0.88 NA NA 1.02 1.39 0.88 NA NA 1.20 
4% CA 1.27 1.04 56.50 54.83 0.98 1.24 1.12 65.18 62.47 1.11 
8% CA 1.26 1.13 57.21 61.35 1.13 1.17 1.06 45.91 48.48 1.26 
4% DOT 0.00 2.20 66.19 75.36 1.40 1.27 1.91 77.43 79.02 1.29 
8% DOT Undefined a Undefined b 73.52 85.27 1.84 0.00 1.59 74.90 78.09 1.37 
R1 = 1458 cm-1/1504 cm-1; R2 = 1422 cm-1/1504 cm-1; a 0 / 0 = undefined; b division with zero denominator = undefined; 
NA = not applicable 
A significant percent decrease in C1 (C–C and C–H), and C2 (C–O) contents of the sapwood and 
heartwood samples was recorded after CA and DOT impregnations relative to untreated samples (Table II). 
However, the estimated C1/C2 ratio increased in the treated sapwood and heartwood samples compared to 
untreated samples except for 4% CA-impregnated samples (Table II). The lower C1/C2 ratio at 4% CA 
compared to untreated samples is due to a relatively higher loss of C1 than C2 content at 4% CA impregnation. 
Similarly, in Fig. VII, 4% CA- impregnated heartwood showed a higher O/C ratio. Considering that the 
wettability is directly related to the O/C ratio and inversely related to the C1/C2 ratio, 4% CA-impregnated 
could be more hydrophilic than untreated heartwood. The decrease in C1 content is predominantly due to the 
reduced C–H intensity that is attributable to hydrolysis of hemicellulose polysaccharides (Wang et al., 2017). 
The reduced C–H intensity in CA-impregnated samples could be linked to alkane activation via hydrogen atom 
abstraction by oxides of copper (Schröder, Holthausen and Schwarz, 2004; Decker and Solomon, 2005; 
Mandal et al., 2019). Likewise, the strong bases deprotonate C–H bonds with weak acidity (Esters | 
Introduction to Chemistry, no date). Hence, the alkalinity of both CA and DOT could trigger the deprotonation 
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reaction causing a decrease in the C–H intensity. Considering that C–H deprotonation initiates condensation 
reactions, the reduced C–H intensity could adversely affect adhesion by limiting condensation reactions during 
the adhesive curing process. This agrees with the report of Vick et al. (1990) that preservative chemicals could 
suppress condensation reaction which would, in turn, slow down resin cure and create starved joints. The 
observed increase in C1/C2 ratio indicated the surface polarity and hydrophilicity decreased which would 
adversely affect the surface wettability (Šernek, 2002). Contrary to findings in this study, Maldas and Kamdem 
(1998) reported reduced C1/C2 ratio in CCA-treated red maple attributable to an increase in C2 content due to 
the formation of chromate esters. The reduced C1/C2 ratio and increased O/C ratio in CCA-treated woods 
could partly account for the better adhesion strength of wood treated with CCA compared to other copper 
preservatives like CA and ACQ as reported in the study of Frihart (2003).  
The pronounced changes in the intensities of the absorption bands are apparent indications of chemical 
interactions between active ingredients in CA and DOT preservatives and the molecules of the wood polymer 
in E. grandis sapwood and heartwood. Considering that surface polarity enhances adhesion (Temiz et al., 
2016), the decrease in intensity of the polar functional groups meant a decline in chemical bonding opportunity 
with the wood polymers (Temiz et al., 2016). Regardless of concentration level, DOT treatment adversely 
affected the surface chemical functionalities of both sapwood and heartwood of E. grandis more than the CA 
treatment. Again, this does not guarantee better adhesion in CA-impregnated samples as there are other critical 
bonding parameters such as assembly time, press pressure, etc., that are crucial in the adhesive bonding 
process. 
Conclusions 
The effects of CA and DOT-impregnations on surface chemical adhesion characteristics of E. grandis sapwood 
and heartwood in terms of wood acidity, buffer capacity, elemental composition, and chemical functionalities 
were evaluated in this study. The following conclusions are drawn from the findings: 
• CA and DOT-impregnations significantly modified the surface acidity and buffer capacity of E.
grandis sapwood and heartwood. Hence, the pH and buffer capacity are important criteria for adhesive
compatibility for bonding CA and DOT-impregnated E. grandis. The findings suggest that alkaline
adhesives could be more readily suitable for bonding CA and DOT-impregnated E. grandis to
minimize bondline pH fluctuations. The addition of buffer agents could compensate for pH
incompatibility with acidic adhesives.
• CA and DOT impregnations increased the elemental O/C ratio on E. grandis sapwood and heartwood
surfaces. This implied that the treatments do not adversely affect wood adhesion via reduced
wettability connected to a decline in surface O/C ratio. Conversely, if other adhesion-related properties
are favourably maintained, the increased O/C ratio would improve adhesion via enhanced adhesive
wetting of the treated wood surfaces. The O/C ratio improvement was more pronounced in the
heartwood and with DOT impregnation.
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• Both copper and boron deposits were more on the sapwood surface compared to the heartwood. CA
impregnation deposited more copper on E. grandis sapwood and heartwood surfaces than boron
deposits from DOT. This implied that the tendency for adhesion inhibition by the chemical deposits
is higher in CA-impregnated samples and the sapwood.
• CA and DOT impregnation reduced the polar (oxygen-containing) functional groups on E. grandis
sapwood and heartwood surfaces. The implication thereof is reduced hydrophilicity and opportunity
for adhesion via chemical (hydrogen) bonding.
• The increased C1/C2 ratio on CA and DOT-impregnated E. grandis sapwood and heartwood further
confirmed the reduction in the polar character of the wood surface due to the preservation treatments.
• DOT impregnation adversely affected E. grandis surface chemical functionalities than CA
impregnation. This confirms the varied influence of preservative chemical compositions on adhesion
characteristics of preservative-treated wood.
• Surface adhesion-related chemical characteristics of E. grandis sapwood were more affected than that
of heartwood due to the preservative impregnations. This suggests that E. grandis with a lesser amount
of sapwood might be better suited for adhesive chemical bonding. However, preservative penetration
is limited in the heartwood. Thus, finding the right sapwood-heartwood balance would be vital for the
durability treatment and adhesive bonding of E. grandis.
The observed changes in the surface chemical characteristics of CA and DOT-impregnated E. grandis
indicated that adhesive compatibility is important to ensure proper adhesion. There are also strong indications, 
particularly in DOT-impregnated samples due to lesser chemical deposits on the E. grandis surface, that better 
adhesion could be achieved by adapting bonding parameters such as assembly time and bonding pressure. This 
would prevent extra costs associated with measures such as the use of surfactant or priming agents. This study 
has established the fundamental chemistry of interaction between CA and DOT, and E. grandis sapwood and 
heartwood. Further investigation on adhesive compatibility and mechanical properties of the preservative-
treated joints would be useful in substantiating the findings of this study. 
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Table S-I: Surface elemental composition 
Wood type Treatment Surface elemental composition% 
C N O Cu B Na Cl K Ca Si Al O/C 
Sapwood 
Untreated 63.9 - 35.9 - - 0.1 0.1 - - - - 0.56
4% CA 60.0 1.9 33.4 4.0 0.7 - 0.1 - - - - 0.56
8% CA 59.1 0.3 33.6 6.7 - - 0.2 0.1 - - - 0.57
4% DOT 53.0 - 35.0 0.3 1.3 0.3 0.1 0.3 5.4 4.1 0.3 0.66 
8% DOT 53.0 - 43.5 - 2.0 1.4 0.1 - - - - 0.82
Heartwood 
Untreated 67.1 - 32.7 - 0.1 0.1 0.1 - - - - 0.49
4% CA 59.6 - 38.6 1.3 0.4 0.1 - - - - - 0.65
8% CA 58.7 2.9 33.1 5.0 - - 0.1 - - - - 0.56
4% DOT 58.9 - 39.4 - 0.7 0.9 - - 0.1 - - 0.67




Table S-II: Absorption band area for the identified functional groups in FTIR spectra of E. grandis sapwood and 




















ν (O–H) 43.99 19.32 16.41 18.35 17.14 63.86 21.92 30.95 14.75 17.91 
ν (C–H) a 3.58 1.62 1.58 1.28 0.97 4.46 1.59 2.50 0.98 1.09 
ν (C=O) 1.55 0.49 0.48 0.60 0.55 1.50 0.46 0.64 0.38 0.50 
δ (H–O–H) 0.50 0.24 - 0.25 0.21 0.44 - - - - 
δ (C=C) b 0.60 0.35 0.32 0.24 0.22 0.78 0.35 0.60 0.22 0.29 
δ (C=C) b 0.56 0.26 0.23 0.15 - 0.66 0.25 0.36 0.11 0.17 
δ (CH2) & 
(CH3) 
0.73 0.33 0.29 - - 0.92 0.31 0.42 0.14 -
δ (CH2) & 
(CH3) c
0.49 0.27 0.26 0.33 0.28 0.58 0.28 0.38 0.21 0.27 
δ (CH2) - δѕ 
(CH3) 
0.47 0.21 0.17 0.13 0.10 0.45 0.19 0.23 0.09 0.11 
γ (CH2) & δ 
(O–H) 
0.80 0.40 0.39 0.54 0.60 0.97 0.48 0.60 0.30 0.52 
ν (C–O) 4.14 1.87 1.60 1.02 0.61 4.29 1.61 2.21 0.90 0.94 
νaѕ(C–O–C) 0.45 0.23 0.19 0.19 0.14 0.48 0.27 0.26 0.14 0.16 
ν (C–O) & ν
(O–H) 
- - - - - - 0.52 - - - 
νѕ (C–O–C) 36.32 15.67 14.77 14.01 11.95 44.36 8.39 11.23 5.16 8.41 
ν (C–C) 0.53 0.22 0.19 0.07 - 0.68 0.20 0.28 0.13 0.09 
δ (C–C) 0.12 - 0.04 0.08 0.15 - - - 0.05 0.11 
Unidentified - - - - - - - - - 0.02 
- absent; a aliphatic; b aromatic cycle; c Scissoring
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Chapter 6 Research results IV 
Unpublished 
Wettability and surface free energy characterization of copper azole and disodium octaborate 
tetrahydrate-impregnated E. grandis wood 
A. A. Alade ab, C. B. Wessels a*, H. Stolze b, H. Militz b 
a Stellenbosch University, Forest and Wood Science Department, Stellenbosch, 7602, South Africa. 
b Georg-August University, Wood Biology and Wood Products Department, Göttingen, 37077, Germany. 
Abstract 
Wood preservation treatments often adversely affect its adhesion and the adhesive-bond performance in 
laminated joints. Considering that adhesion is a surface phenomenon, it becomes imperative that the 
fundamental changes in the surface properties are critically examined for better understanding of the bonding 
process. Wettability and surface free energy are crucial adhesion parameters for evaluating the thermodynamic 
behaviour of solid surfaces including wood. Hence, this study investigated the impact of copper azole (CA) 
and disodium octaborate tetrahydrate (DOT) treatments on Eucalyptus grandis wood’s surface wettability and 
free energy. Three-point air-liquid-solid contact angles with water and diiodomethane as probe liquids were 
measured using the sessile drop method. The surface free energy was determined based on Owens-Wendt-
Rabel-Kaelble (OWRK) model. The findings revealed that both CA and DOT impregnations adversely 
affected the wettability and surface free energy properties of E. grandis wood. This provides significant 
evidence that the lower adhesive-bond development in CA and DOT-impregnated E. grandis joints is 
connected to undesirable modification of the surface thermodynamic behaviour. Therefore, appropriate 
measures are required to overcome the adverse effect of this modification to attain satisfactory adhesive-bond 
performance in E. grandis joints. This could perhaps include adapting assembly time to allow sufficient wetting 
of the wood surface and adequate adhesive penetration. However, the adhesive gelation time must be put into 
consideration. 





Limited adoption of wood composite products due to durability concerns necessitates preservative treatment 
to prevent wood degradation in areas with a high prevalence of biodeterioration agents such as fungi, termites, 
and borers. However, adhesive-bonded joints that are pre-manufactured impregnated with preservative 
chemicals often exhibit a decline in bond quality and durability properties [1–7]. With the unsuitability of post-
manufacture impregnation for large composite structural elements such as glued-laminated and cross-
laminated timbers, mitigating the adverse effect of wood durability treatment on adhesion becomes imperative. 
To this end, adequate knowledge of the impact of preservative impregnation on the surface adhesion 
thermodynamic properties would contribute towards an effective bonding process for sawn preservative-
impregnated wood. This is crucial considering wood is largely used as an adhesive bonded composite [8,9].  
Wettability and surface free energy are two important parameters for evaluating the thermodynamic 
behaviour of solid surfaces. In the adhesion of solid materials, wettability simply refers to a measure of how 
easy a liquid or adhesive flows, penetrates, and adequately wets a solid’s surface [10–12]. The significance of 
surface wettability on adherend gluability, adhesion mechanism, and adhesive-bond performance is well 
documented in the literature [11,13–15]. To summarize its impact, adequate surface wettability stimulates a 
good adhesive-bond formation and strong joint development. Surface wettability is interpreted from a three-
point contact angle between air, liquid, and a solid’s surface using an inverse relationship. That is, the higher 
the contact angle, the lower the surface wettability [11,13,16]. Usually, surfaces with contact angles below 30 
degrees exhibit excellent wettability [11,17,18] whereas surface hydrophobization sets in above 90 degrees 
[19,20]. Findings for the bonding behaviour from the measurement of static contact angles must always be 
questioned, as the adhesive penetration into the wood volume means that the bonding process is subject to 
dynamics. In principle, it can be assumed that contact angles below 30 degrees optimise wetting. However, 
high adhesion cannot be guaranteed without the presence of intermolecular forces, even with optimal wetting 
behaviour [21,22]. In addition to the surface thermodynamic behaviour, which is the focus of this study, the 
surface roughness could also influence the wettability over time [23,24]. 
Surface free energy refers to the interatomic and intermolecular forces of attraction on a solid’s surface 
[25,26]. It provides more information concerning the impact of wood-adhesive interaction on adhesive-bond 
integrity and performance [11,18,27]. Solid surfaces including wood exhibit atomic and molecular 
characteristics different from the bulk such as unbalanced forces due to unattached bonds at the surface 
[16,28,29]. These unattached bonds give rise to the excess energy that is referred to as the surface free energy 
and are attributed to the strong surface attraction for material adhesion including adhesive-bond strength and 
stability [25,28–30]. Surface free energy is estimated from contact angle measurements together with the 
surface tensions of probe liquids using various models. The models and interpretations for surface free energy 
calculation including the polar and dispersive components are comprehensively detailed in the literature 
[25,28,30,31]. In summary, high surface free energy indicates hydrophilic surface, enhances wettability, and 
adhesive-bond formation [11,26,32,33]. Both wettability and surface free energy are highly influenced by the 
nature of the surface of solid materials. 
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Wood impregnation with preservative chemicals like copper azole (CA) and disodium octaborate 
tetrahydrate (DOT) modifies the physical and chemical environment of wood surfaces [34]. The wettability of 
wood is influenced by many factors that include porosity and chemical components of the surface [8,35]. 
Likewise, the adhesive flow, penetration, and wetting of wood surface significantly influence its adhesive-
bonding [8,10]. Therefore, the impact of CA and DOT impregnation on the surface thermodynamic behaviour 
of wood must be understood to adequately address the bonding challenges. Measuring wood surface wettability 
is regarded as a useful tool for probing its surface thermodynamic behaviour [8,9]. Furthermore, wettability, 
contact angle, and surface free energy are interrelated and linked to adhesive-bond strength [17]. Hence, with 
the broader aim of understanding the fundamental changes in adhesion characteristics of E. grandis surfaces 
due to CA and DOT impregnations, this study focused on characterizing the surface thermodynamic behaviour 
in terms of wettability and surface free energy. Knowledge of the modifications thereof would contribute to 
scientific-based decisions on adaptations of bonding process pathways for improved adhesive-bond 
development and performance. 
Materials and method 
Materials 
Boards of Eucalyptus grandis were obtained from Merensky Timber’s plantation located in Tzaneen, 
Limpopo, South Africa. The boards were processed into 304 x 64 x 19 mm dimensions. CA – Tanalith® E and 
DOT wood preservatives were provided by chemical manufacturers Lonza Wood Protection t/a Arch Wood 
Protection (SA) (Pty) Ltd. South Africa, and Dolphin Bay South Africa, respectively. 8% CA and DOT 
concentrations (boric acid equivalents for DOT) were prepared and pressure-impregnated into E. grandis 
woods at 640 kPa for 1 h using the empty-cell process. Before and after impregnation, the wood samples were 
climatized at 20 ± 2 °C and 65 ± 5% relative humidity to 12 ± 1% moisture content. Water and diiodomethane 
were used as probe liquids for contact angle measurements. The properties of the probe liquids are presented 
in Table 1. 







Surface free energy (mN/m) 
Polar Dispersive Total 
Water (polar) 1,000 1.00 51.00 21.80 72.80 
Diiodomethane (dispersive) 3,325 2.80 0.00 50.8 50.8 
Contact angle measurement and surface free energy calculation 
The contact angle was measured using the sessile drop analysis method. Four test boards per treatment group 
(untreated, CA-impregnated, and DOT-impregnated) were analyzed. For each test board, four to nine doses of 
1 µL per drop dose were administered on the wood surface per probe liquid using a mobile surface analyzer 
(KRÜSS GmbH, Hamburg, Germany) as shown in Figure 1. Both test liquids were applied to the wood surface 
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at the same time. The mobile surface analyzer is equipped with a camera system and ADVANCE software 
(KRÜSS GmbH, Hamburg, Germany) for contact angle measurement and surface free energy calculation. The 
contact angles on both sides of the drop were considered and measured according to the tangent-1 fitting 
method [38]. Hence, the average was taken as the contact angle for each measurement. The triple point air-
liquid-solid contact angles at both left and right sides as shown in Figure 2 were measured 0.5 seconds after 
each dosage then averaged to give the contact angle of dose-point. The surface free energy of each test board 
was calculated based on Owens-Wendt-Rabel-Kaelble (OWRK) model [39,40] presented in equation 1. 
𝑌𝑌𝑠𝑠𝑑𝑑  =  𝑌𝑌𝑠𝑠 + 𝑌𝑌𝑑𝑑 − 2(�𝑌𝑌𝑠𝑠𝑑𝑑𝑌𝑌𝑑𝑑𝑑𝑑  +  �𝑌𝑌𝑠𝑠
𝑝𝑝𝑌𝑌𝑑𝑑
𝑝𝑝) (1) 
Where, Ysl is the interfacial tension (in mN/m) between the solid and probe liquid; Ys is the surface free energy 
(in mN/m) of the solid; Yl is the surface tension (in mN/m) of the probe liquid; Ysd is the dispersive component 
of the surface free energy on the solid surface; Yld is the dispersive component of the surface tension of probe 
liquid; Ysp is the polar component of the surface free energy of the solid, and Ylp is the polar component of the 
surface tension of the probe liquid. 
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Figure 1: Sessile drop analysis on E. grandis wood surface using KRÜSS mobile surface analyzer 
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Figure 2: An image of triple point air-liquid-solid contact angle measurement on E. grandis wood using ADVANCE 
software 
Results and discussion 
A summary of the contact angles for the different probe liquids and the OWRK model-based surface free 
energy components on the E. grandis surfaces are presented in Table 2. 
Table 2: Mean (standard deviation) of contact angles for probe liquids, and surface free energy components based 
on the OWRK model for E. grandis wood surface as influenced by CA and DOT impregnations 
Treatment 
Contact angle (°) Surface free energy (mN/m) 
Water Diiodomethane Polar Dispersive Total 
Untreated 75.02 (6.72) 32.61 (4.31) 4.72 (2.19) 43.04 (1.87) 47.76 (3.13) 
CA 91.59 (1.83) 33.34 (4.09) 0.47 (0.11) 42.72 (1.86) 43.19 (1.95) 
DOT 84.78 (11.57) 41.81 (4.28) 2.95 (3.89) 38.65 (2.21) 41.60 (4.50) 
The CA and DOT-impregnated E. grandis surfaces exhibited higher contact angles for both water and 
diiodomethane probe liquids compared to the untreated E. grandis wood surface (Table 2). This phenomenon 
of elevated contact angle indicated reduced hydrophilicity of the E. grandis wood surface due to CA and DOT 
impregnations. The reduced hydrophilicity is attributable to the reduction of polar functional groups such as 
hydroxyl on the impregnated CA and DOT surfaces [18,34,36]. For CA-impregnated samples, this could be 
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attributed to the formation of copper carboxylate and phenolate complexes [41–44], and phenol deprotonation 
during copper-lignin complexation reaction [45]. Furthermore, CA impregnation reduces the polar H–O–H 
bond on E. grandis surface through probable interaction with the amine component to form ammonium and 
subsequent reaction of resulting hydroxide ion with copper components to form copper hydroxide solid 
deposits [46]. Similarly, the reduced hydrophilicity of the DOT-impregnated surface is attributable to the 
complexation reaction of boron with a hydroxyl group to form a cyclic borate ester complex [47]. Likewise, 
DOT impregnation causes a reaction with the water molecules in the wood resulting in boric acid deposition, 
and subsequent complexation reaction with hydroxyl groups [48,49] thereby reducing the polar H–O–H bond 
on the E. grandis surface [34]. Moreover, the reduction in other polar carbon to oxygen functional groups such 
as C–O, C=O, and C–O–C could also be attributed to the higher contact angles and reduced hydrophilicity of 
CA and DOT-impregnated E. grandis wood [34,38,50]. In principle, the observed increase in contact angles 
of water and diiodomethane indicates reduced wettability of the E. grandis surface post-impregnation with CA 
and DOT preservatives. However, CA-impregnated surface recorded highest mean contact angle with polar 
probe liquid (water) whereas DOT-impregnated surface had the highest contact angle with the non-polar probe 
liquid (diiodomethane) (Table 2). Furthermore, the effect of CA impregnation on the surface free energy was 
more pronounced on the polar component whereas DOT impregnation had a more pronounced effect on the 
dispersive component of the surface free energy (Table 2). The contact angle and surface free energy outcomes 
indicated that CA impregnation reduced the polar groups on the surface of E. grandis more than DOT 
impregnation hence the lower affinity for polar solvent (water) as revealed with the high contact angle on CA-
impregnated E. grandis surface. This also indicated that cohesive forces between the water molecules is 
stronger that the adhesive forces between the water and wood molecules on the surface of CA-impregnated 
compared to DOT-impregnated E. grandis. Contrary, DOT-impregnation had higher effect on the non-polar 
components hence the higher contact angle with diiodomethane and lower dispersive component of surface 
free energy compared to CA-impregnated surfaces. The implication thereof is that CA impregnation reduced 
the hydrophilicity of E. grandis surface more than DOT impregnation and could have higher adverse effect on 
adhesion mechanism via hydrogen bonding with polar groups.  
Similar effects of copper and boron-based preservative impregnations on wood wettability have been 
reported in the literature. Zhang et al. [42] found an increase in the contact angle of CA-impregnated Pinus 
elliottii from 75 to 100 degrees. Likewise, copper chromated arsenate (CCA)-treated red maple [51], CCA and 
copper chrome boron-treated rubberwood [3], and borate-impregnated alder and beech veneers [2] all exhibited 
reduced wettability compared to untreated samples. 
The wettability of adherends is an important criterion for adhesive wetting, flow, and penetration with 
huge impacts on the overall adhesion and bond quality of laminated joints [11,13–15]. As mentioned earlier, 
surface wettability is inversely related to contact angle. This means that the higher the contact angle, the lower 
the surface wettability [11,16]. Furthermore, an increase in contact angle is associated with an increase in 
interfacial stress between adhesive and adherend surface which in turn lowers the resulting bond quality [25]. 
The findings in this study provide fundamental evidence that CA and DOT impregnations reduce the 
wettability of E. grandis and could therefore adversely affect the adhesive wetting, flow, and penetration. 
Stellenbosch University https://scholar.sun.ac.za
106 
In adhesion science, the surface tension of liquid or adhesive, and the surface free energy of adherend 
are interrelated and of significance to surface wettability [36], and adhesive-bond strength [17]. Contrary to 
the inverse relationship between wettability and contact angle, wettability is directly related to surface free 
energy. This means that the higher the surface free energy, the higher the surface wettability [26] and the 
tendency for better adhesive-bond development [11,32,33]. In this study, both the polar and dispersive surface 
free energy components of E. grandis wood reduced post-impregnation with CA and DOT preservatives (Table 
2). The reduced surface free energies recorded supports the outcome of the contact angle measurements that 
CA and DOT impregnations reduced the wettability of E. grandis. Depending on the impact of bonding 
parameters such as assembly time, bonding pressure, and press duration towards achieving a sturdy bond in 
CA and DOT-impregnated joints, mitigating the adverse impregnation effect on wettability might be necessary 
to enhance adhesive wetting and penetration. Measures that include chemical pre-treatment with coupling 
agents like hydroxy-methylated resorcinol would promote chemical bonding between adhesive and wood 
molecules [52]. Likewise, oxygen-plasma treatment would enhance mechanical interlocking but could also 
pose an adverse effect on the wood durability [7] hence must be cautiously applied. 
Conclusion 
Excellent wettability is associated with increased surface polarity and promotes good adhesion [7]. However, 
the findings in this study indicated that both CA and DOT impregnations adversely affected the wettability 
and surface free energy properties of E. grandis. The implication thereof is limited wetting and adhesion on 
the impregnated surfaces compared to the untreated surface. This provides significant evidence that lower 
adhesive-bond development in CA and DOT-impregnated E. grandis joints is connected to undesirable 
modification in the surface thermodynamic behaviour. Measures such as adapting assembly times, priming of 
impregnated surfaces, or adhesive reformulation might be required to address the undesirable modification in 
the surface thermodynamic behaviour of CA and DOT-impregnated E. grandis wood. Nevertheless, this would 
depend on other characteristic attributes such as the surface chemical properties and bonding process. Further 
investigations are required to determine whether the change in wettability caused by the impregnation has a 
significant effect on the performance of the bond in terms of strength and durability. 
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Abstract 
The fundamental factors responsible for the complexities of adhesive-bonding of preservative-treated woods 
are predominantly wood species, preservative composition, and adhesive system. It is post-effect of these 
factors that other variables such as bonding time and pressure parameters exert secondary influences on 
adhesive-bond development in preservative-treated joints. Hence, this study investigated the combinatory 
effect of copper azole (CA) and disodium octaborate tetrahydrate (DOT) wood preservatives with melamine-
urea-formaldehyde and polyurethane structural adhesive systems. The influence of heartwood and sapwood 
on E. grandis joint performance was also evaluated. The results showed that CA and DOT-treated E. grandis 
joints failed to meet either one or both of the shear strength and delamination requirements according to British 
Standard EN 14080:2013 for all the adhesives studied. The variation obtained between E. grandis heartwood 
and sapwood joints was significant on the shear strength whereas the difference was not statistically significant 
(α = 0.05) on the observed delamination. Further investigations are required to evaluate whether improved 
bonding conditions can possibly improve the adhesive bond performance in the treated E. grandis joints. 
Keywords: Wood durability treatment, adhesive-bonding, shear strength, delamination, E. 
grandis wood 
Introduction 
Globally, wood biodeterioration is responsible for a large proportion of damage to wood-built infrastructure 
[1], especially in tropical and subtropical environments. Therefore, durability concerns continue to limit the 
global adoption of wood products in structural applications [2]. There is a growing research interest to integrate 
wood durability treatments into mass timber technology. However, there are contrasting reports in the literature 
concerning the adhesive-bond performance in preservative-treated-laminated woods [3–12]. This emphasizes 
the complexity of adhesive bonding of preservative-treated woods. Several factors including wood species 
[10], preservative composition and concentration [10,13], and adhesive system [10,14], are fundamentally 
responsible for these intricacies. Hence, the compatibility of preservative treatments with adhesive systems is 




Copper azole (CA) and disodium octaborate tetrahydrate (DOT) are prominent preservatives used for 
wood durability treatment [16]. However, both copper [7,9,15,17,18] and boron-based [19,20] preservative 
treatments adversely affect wood adhesion. Considering their proven efficacies and commercial applications, 
wood durability treatment with CA and DOT could seamlessly integrate with existing mass timber 
manufacturing processes, provided the adverse adhesion effects are sufficiently mitigated. It should also be 
noted that pre-manufacture durability treatment is the more suitable option for glued- and cross-laminated 
timbers due to the large composite sizes. Hence this study focused on the adhesive-bond performance of pre-
manufactured CA and DOT-treated Eucalyptus grandis laminates. 
Eucalyptus is the most abundant plantation hardwood genus worldwide, and with improved wood 
processing, adhesive formulation, and mass timber technologies, it is progressively being used for structural 
laminated timber products that include glued- and cross-laminated timbers [21–23]. However, E. grandis is 
non-durable, refractory, dimensionally unstable, and until recently, rarely processed into structural wood 
products [21]. Therefore, improving the durability of E. grandis and overcoming associated adhesion 
difficulties would further enhance the emerging progress towards E. grandis wood utilization. Previous 
investigations revealed that E. grandis treatability [24], and its adhesion characteristics post-CA and DOT-
treatments [25] vary with the heartwood and sapwood. It is therefore important to consider the probable effect 
of the heartwood and sapwood on adhesive-bond performance in CA and DOT-impregnated E. grandis 
laminates. This would provide a more expansive approach to unraveling the fundamental causes underlying 
the difficulties with adhesive-bonding of preservative-treated wood. Based on the foregoing, this study aimed 
to establish compatible E. grandis durability treatments with adhesive systems for manufacturing durable solid 
hardwood composites. The investigations focused on the effect of heartwood-sapwood, CA and DOT 
treatments at different concentration levels, and different adhesive systems on E. grandis joint performance. 
Materials and methods 
E. grandis wood samples were obtained from Merensky Timber’s plantations in Tzaneen, Limpopo province,
South Africa. Heartwood (HW) samples were prepared from the E. grandis sawn boards as shown in Figure
1a, positions 0 and 1 while sapwood (SW) samples were obtained from sawn boards closest to the log bark
(Figure 1a, position 3). HW-SW test was conducted on wedge samples tapered towards the pith according to
Githiomi and Dougal [26] using methyl orange (Figure 1b) as reported by Gonya [27]. Water-borne
preservative chemicals – copper azole (CA) and disodium octaborate tetrahydrate (DOT) were provided by
Lonza Wood Protection t/a Arch Wood Protection (SA) (Pty) Ltd South Africa, and Dolphin Bay South Africa,
respectively. Treating solution concentrations of 4% and 8% (boric acid equivalent for DOT) were prepared
from each preservative chemical. Wood treatment via pressure-impregnation was carried out at 640 kPa for 1
h using an empty-cell process. Three commercial adhesives that include a two-component melamine-urea-
formaldehyde (SI 310 resin and SI 360 hardener), and one-component polyurethane (PU 090) supplied by
Bondstick South Africa, and a one-component polyurethane (LOCTITE HB S409 PURBOND) supplied by
XLAM South Africa were used in this study. The use of the two polyurethanes was to establish the effect of
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the polyurethane basis on the joint performance with the former being methylene diphenyl diisocyanate (MDI)-
based and the latter an isocyanate prepolymer. The test board samples were sawn to 304 x 64 x 19 mm 
dimensions and climatized at 20 ± 2 °C and 65 ± 5% relative humidity to 12 ±1% MC before and after 
preservative impregnation, and bonding. Before bonding, no mechanical pretreatment of the adherends 
surfaces was carried out to allow investigations targeted at eliminating the traditional mechanical pretreatment 
process due to hazardous waste generation from preservative-treated wood and to further simplify the 
manufacturing process. Adhesive properties, applications, and bonding conditions are presented in Table 1. 
Test joint laminations were made with duplicate members according to the American Standard for Material 
and Testing (ASTM) D905-08 [28]. The test joints were further processed to twenty 50.8 x 50.8 x 38 mm, and 
six 76 x 50.8 x 38 mm test specimens per process group for shear strength and delamination tests respectively 
(Figures 2 and 3).  The shear strength test was performed according to ASTM D905-08 and the delamination 
test was done according to British standard EN 14080:2013 (procedure A, two-cycle) [29]. 
Figure 1: (a) Schematic diagram of sawn board position in E. 
grandis log, (b) sapwood/heartwood determination test on wedge 
sample. 
Source: (a) Redrawn from Prins, [30] (b) Gonya, [27] 
Table 1 Adhesive properties, application, and bonding conditions 
      Adhesive 
Property 
SI 310 + SI 360 (MUF) PU 090 (PUR1) LOCTITE HB S409 
PURBOND (PUR2) 
Viscosity 400 – 800 cPs (Resin + 
6.7% hardener (w/w) at 25 
°C 
13 000 – 17 000 
cPs at 25 °C 
23,000 – 35,000 mPas 
(Sp.6 / 20 rpm / 20 °C) 
Resin to Hardener (w/w) 89 to 11 - - 
Spread rate (g/m2) 320* 120** 180** 
Solid content (%) - 100 100 
Density (kg/m3) - 1120 1160 
Open assembly time (min) 30 5 10 
Close assembly time (min) 60 
Bonding pressure (MPa) 0.7 0.7 0.7 
Press duration (h) 3 3 3 
* Adhesive application both joint members, ** one-sided adhesive application
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Figure 2: Schematic diagram of specimen preparation and testing 
A: climatization at 20 ± 2 °C and 65% RH, B: 6.3 mm cut at alternate end of laminate members as prescribed in ASTM 
D905:2008 and shown in Figure 3 (left). 
Figure 3: Images of two-ply assembly specimens for shear strength by compression loading (left) and delamination 
(right) tests 
Statistical analysis 
The effect of wood type, preservative type and concentration, and the adhesive system was investigated using 
a design selected according to D-optimality [31]. In the field of design of experiments and optimal designs, D-
optimality is a popular optimality criterion [32–35]. In this study, 16 design points were randomly selected 
from 36 candidate design points sequentially generated and improved by exchange method using Minitab 
Software v.18. Data analysis was performed using Welch’s ANOVA at 95% confidence level being a suitable 
and robust statistical tool for unequal variances and unequal sample sizes under normality [36]. The 
preservative type and concentration factors were concatenated to create the treatment variable. Subsequently 
the following concatenations viz. wood type x treatment, wood type x adhesive, treatment x adhesive, and 
wood type x treatment x adhesive were carried out to enable the analysis of interaction effects using Welch’s 
ANOVA. Group means pairwise comparison was performed at 95% confidence level using Games-Howell’s 
Board preparation 





38 x 64 x 304 mm
Block shear specimen 
processing
38 x 50.8 x 50.8 mm
AB
Shear test by compression 
loading
5 mm/min test speed
load capacity >6810 kg
Delamination test 
specimen processing





78 kPa vacuum / 5 min
550 kPa pressure / 1 h 
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test for unequal variances. 
Results and discussion 
The summary statistics and Welch’s ANOVA test results for the bond performance of E. grandis joints based 
on the investigated variables are presented in Supplementary Tables 1 and 2 respectively. In the absence of 
standardization for hardwood bonding, EN 14080:2013 [28] for softwood was adopted to evaluate the E. 
grandis joint performance. 
Shear strength 
As shown in Figs 4 and 5, the interaction effects and main effects of the adhesive system, treatment, and wood 
type were statistically significant at α = 0.05 on the E. grandis joint shear strength. Only joints produced with, 
at least one of, heartwood, untreated, MUF, and PUR2 attained the minimum 6 N/mm2 shear strength 
requirement according to EN 14080:2013 [29]. 
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Figure 4: Interval plot of E. grandis joint shear strength as influenced by (a) treatment and adhesive interaction, (b) 
adhesive system, and (c) preservative treatment at 95% confidence level. Reference line represents minimum shear 
strength requirement according to EN 14080:2013. 
From the results depicted in the figures above, PUR2-bonded E. grandis joints recorded the highest 
shear strength but not significantly different from MUF bonds, whereas PUR1 bonds had the least shear 
strength (Figure 4b). The significant difference in shear strength between PUR1 and PUR2 bonds is probably 
attributable to the different basis of the adhesives. In contrast to the MDI-based PUR1, the prepolymer PUR2 
is possibly more reactive due to the polyol hydroxyl end groups that are terminated with isocyanate 
functionality [37]. This also improves the crystallization resistance of PUR2 [38] which favours reaction time 
with other functional groups like the amine component of CA. This could partly account for the higher shear 
strength in CA 8%-treated PUR2 bonded joints in contrast to CA 4% and 8%-treated joints bonded with MUF 
and PUR1 (Figure 4a), however, the difference was not statistically significant. Both CA and DOT treatments 
significantly reduced the shear strength of E. grandis joints but more in the latter treatment and at higher 
concentrations (Figure 4c). The higher negative impact of DOT treatment compared to CA, especially in higher 
concentrations, is attributable to higher modification of adhesion-related chemical properties on E. grandis 
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surface by DOT treatment [25]. The reduced shear strength in CA-treated joints compared to untreated joints 
supports literature reports that copper complexation reactions with wood polymeric molecules [39–41], and 
copper depositions on wood surface limit wood adhesion opportunities and retard adhesive-bond development 
[18]. Lee et al. [10] reported a decline in the shear strength of CA-treated compared to untreated Japanese larch 
joints bonded with resorcinol-formaldehyde adhesive. Similarly, Lim et al. [7] reported reduced shear strength 
in micronized CA-treated southern yellow pine CLT joints bonded with melamine-formaldehyde, resorcinol-
formaldehyde, and PUR adhesives. Like CA, the adverse effect of DOT on the shear strength is attributable to 
limited adhesion opportunities via chemical bonding due to boron complexation reactions with wood-polymer 
alcohols [42,43], and hindrance of adhesive flow [44]. Aydin and Colakoglu [45] reported the adverse effect 
of borax and boric acid on the shear strength of urea-formaldehyde-bonded alder and beech joints. Likewise, 
Özçifçi et al. [19] found that different boric acid treatments negatively affected the shear strength of phenol-
formaldehyde-bonded pine, beech, and poplar joints. Similar to this study, the negative impacts of DOT on 
adhesive-bond shear strength were reported by Alipon et al. [46] on polyvinyl acetate, urea-formaldehyde, and 
phenol-formaldehyde bonds; and by Vick et al. [47] on phenol-formaldehyde-bonded aspen veneer. There is 
also literature evidence that both boron [44] and copper [9,48] based treatments accelerate or inhibit adhesive 
cure on treated woods. This could partly account for interference with bond development and the reduced shear 
strength observed in this study.  
The results of the effect of wood type and its interaction with other parameters on the shear strength 
are shown in Figure 5. 
Figure 5: Interval plot of E. grandis joint shear strength as influenced by (a) wood type, (b) wood type and adhesive 
interaction, (c) wood type and treatment interaction, and (d) wood type, treatment, and adhesive interaction at 95% 
confidence level. Reference line represents minimum shear strength requirement according to EN 14080:2013. 
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The results obtained based on the wood type showed that E. grandis heartwood produced joints with 
significantly better shear strength than sapwood joints (Figure 5a). However, different adhesives influenced 
the shear strength pattern differently in this regard as shown in Figure 5b. MUF adhesive gave the best bond 
strength with heartwood whereas it performed the worst in sapwood joints. On the other hand, PUR2 
significantly improved the bond strength in sapwood joints exceeding the shear strength of heartwood bonded 
with PUR1 and PUR2 (Figure 5b). Furthermore, preservative treatment influenced the shear strength of the 
heartwood and sapwood differently. The results showed in Figures 5c and 5d suggest that DOT affected the 
shear strength of heartwood joints more than the CA treatment. On the other hand, CA had a higher adverse 
effect on the shear strength of sapwood joints (Figures 5c and 5d). Previous investigations revealed that both 
CA and DOT treatments improved the oxygen/carbon ratio on E. grandis surface more on the heartwood than 
sapwood [25]. An increase in oxygen/carbon ratio favours adhesive wetting of wood and consequently bond 
development [49]. Therefore, better surface oxygenation of E. grandis heartwood could partly account for the 
better joint shear strength recorded compared to the sapwood joints. Considering that E. grandis sapwood is 
more treatable than heartwood [24], adequate considerations must be given to the heartwood-sapwood content 
when selecting E. grandis wood for manufacturing preservative-treated adhesive-bonded composites. This is 
to ensure the right balance to maximize the better shear strength properties of the E. grandis heartwood joints 
with the better treatability of the sapwood. 
Wood failure percentage 
The results showed that all interactions and main effects at α = 0.05 significantly affected the wood failure 
percentage recorded in the E. grandis joints (Supplementary Table 2). However, the mean wood failure 
percentages obtained in all the CA and DOT-treated joints, irrespective of wood type and adhesive system 
(Supplementary Table 1), failed to meet the minimum requirements corresponding to their respective shear 
strengths as stipulated in EN 14080:2013. The few untreated E. grandis joints that satisfied both the mean 
shear strength and corresponding mean wood failure percentage requirements were mainly produced with 
heartwood, MUF, and PUR2 (Supplementary Table 1). Therefore, heartwood content, MUF, and PUR2 should 
be considered in further attempts to improve the adhesive-bond shear strength for CA and DOT-treated E. 
grandis joints. 
Delamination 
The results showed that delamination variations due to all interactions and main effects except wood type were 
statistically significant at α = 0.05 (Supplementary Table 2). Generally, the E. grandis joints showed poor 
delamination resistance across all levels and interactions of the variables investigated (Figures 6 and 7). Only 
a few joint groups satisfied or exceeded by a negligible difference (0.1%) the maximum allowable 5% mean 
delamination as stipulated in EN 14080:2013 (Figure 6). The few satisfactory joints were produced with at 
least one of either untreated, DOT 4%-treated, MUF, or PUR2. Based on individual main effects, all E. grandis 
joints produced failed to meet the maximum 5% delamination requirement (Figure 7). 
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Figure 6: Plot of E. grandis joint mean delamination percentage as influenced by interactions of (a) wood type x 
treatment x adhesive, (b) wood type x treatment, (c) wood type x adhesive, and (d) treatment x adhesive at 95% confidence 
level. Reference lines represent the maximum allowable mean delamination percentage according to EN 14080:2013. 
Figure 7: Plot of E. grandis joint mean delamination percentage as influenced by main effects of (a) treatment, and (b) 
adhesive at 95% confidence level. Reference lines represent the maximum allowable mean delamination percentage 
according to EN 14080:2013. 
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Based on evidence from the results presented above, the poor delamination resistance of E. grandis 
joint is due to CA and DOT treatment interference with bonding as well as the dimensional instability stresses 
of E. grandis wood [22,50,51] as indicated by the untreated joint delamination (Figure 7a). Some earlier studies 
have reported, relative to untreated joints, higher delamination percentages in CA-treated PRF-bonded pine 
[9], and micronized CA-treated pine cross-laminated timbers bonded with melamine-formaldehyde, and 
resorcinol-formaldehyde adhesives [7]. The depicted better delamination resistance of CA 8%-treated 
compared to untreated E. grandis joints (Figure 7a) could have been influenced by the adhesive interaction 
effect (Figure 6d). The better delamination resistance of DOT 4%-treated compared to DOT 8%-treated E. 
grandis joints is attributable to lesser aggregation of fixated DOT chemicals and pore closures on the E grandis 
wood surface at lower DOT concentration as found in a previous investigation [25]. Based on the adhesive 
system, PUR2 and PUR1 bonded joints had the highest and least delamination resistance respectively (Figure 
7b). Again, this is attributable to the different adhesive basis as previously explained. 
Conclusion 
The outcome of the investigations in this study established that: 
• The heartwood-sapwood variation influenced adhesive-bond shear strength in the E. grandis joint but
had no significant effect on the joint delamination resistance.
• CA and DOT treatments adversely affected E. grandis joint shear strength and delamination resistance.
However, promising shear strength results that could possibly be improved upon were obtained. The
delamination resistance of both CA and DOT-treated joints left much to be desired in their suitability
for exterior applications. Significant improvement is required in this regard.
• PUR2 and MUF are promising adhesives for compatibility with CA and DOT durability treatment of
E. grandis.
Further investigations targeting bond improvement in CA and DOT-treated E. grandis should initially 
focus on optimizing the bonding pressure. This could promote adhesive anchorage for improved bond 
development without requiring other measures such as the use of priming agents, and adhesive reformulation. 
Success in this regard would provide a more cost-effective and less complicated improvement process. 
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Supplementary Table 1: Summary statistics for E. grandis joint performance as influenced by wood type, 
preservative treatment, and adhesive system 





(%) Delamination (%) 
Mean SD Mean SD N Mean SD 
Wood type 
(W) 
Heartwood (HW) 120 6.52 2.21 68.41 32.05 32 25.07 31.11 
Sapwood (SW) 194 5.62 2.04 56.49 32.49 55 31.45 34.99 
Treatment 
(T) 
Untreated 120 7.01 1.59 72.63 29.78 36 29.38 37.17 
CA 4% 60 5.88 2.11 55.31 28.51 18 34.10 31.44 
CA 8% 59 5.59 2.13 58.49 34.19 17 15.45 17.39 
DOT 4% 35 5.06 2.39 58.49 28.20 8 9.10 14.68 
DOT 8% 40 4.30 1.92 40.92 36.97 8 65.70 33.60 
Adhesive 
(A) 
MUF 119 6.30 2.39 71.09 27.14 31 14.43 22.74 
PUR 1 120 5.28 2.10 41.11 32.98 35 53.76 34.89 
PUR 2 75 6.52 1.44 77.01 23.64 21 9.67 14.37 
W x T 
HWUntreated 40 8.22 1.23 92.74* 11.56 12 5.10** 8.35 
HWCA 4% 40 7.04 1.16 71.57 15.56 12 17.97 15.77 
HWDOT 8% 40 4.30 1.92 40.92 36.97 8 65.70 33.60 
SWUntreated 80 6.41 1.40 62.57 31.02 24 41.52 40.09 
SWCA 4% 20 3.57 1.61 22.77 18.86 6 66.30 30.70 
SWCA 8% 59 5.59 2.13 58.49 34.19 17 15.45 17.39 
SWDOT 4% 35 5.06 2.39 58.49 28.20 8 9.10 14.68 
W x A 
HWMUF 60 7.70 1.40 84.94* 17.50 18 6.25 9.46 
HWPUR1 40 5.21 2.51 43.56 36.08 11 54.40 34.60 
HWPUR2 20 5.57 1.60 68.55 25.46 3 30.60 17.40 
SWMUF 59 4.87 2.35 57.00 28.05 13 25.76 30.43 
SWPUR1 80 5.32 1.89 39.89 31.48 24 53.49 35.77 
SWPUR2 55 6.87 1.21 80.09 22.39 18 6.18 10.83 
T x A 
UntreatedMUF 60 7.33 1.79 84.31* 20.06 18 18.02 27.58 
UntreatedPUR1 40 6.20 1.17 49.66 31.34 12 60.80 38.50 
UntreatedPUR2 20 7.65 0.99 83.51* 24.90 6 0.61** 1.50 
CA 4%MUF 20 6.67 1.13 69.34 17.10 6 8.54 11.91 
CA 4%PUR1 40 5.49 2.37 48.29 30.59 12 46.87 30.47 
CA 8%MUF 19 4.83 2.56 59.91 29.67 5 13.68 16.54 
CA 8%PUR1 20 5.30 2.13 37.46 35.12 6 26.04 21.41 
CA 8%PUR2 20 6.60 1.17 78.16 25.04 6 6.35 7.29 
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DOT 4%MUF 20 4.22 2.79 43.79 27.10 2 1.65** 2.33 
DOT 4%PUR2 15 6.18 0.99 78.10 14.66 6 11.58 16.47 
DOT 8%PUR1 20 3.02 1.26 13.30 23.46 5 86.71 18.80 
DOT 8%PUR2 20 5.57 1.60 68.55 25.46 3 30.60 17.40 
W x T x A HWUntreatedMUF 40 8.22 1.23 92.74* 11.56 12 5.10** 8.35 
HWCA 4%MUF 20 6.67 1.13 69.34 17.10 6 8.54 11.91 
HWCA 4%PUR1 20 7.40 1.09 73.81 13.93 6 27.40 13.86 
HWDOT 8%PUR1 20 3.02 1.26 13.30 23.46 5 86.71 18.80 
HWDOT 8%PUR2 20 5.57 1.60 68.55 25.46 3 30.60 17.40 
SWUntreatedMUF 20 5.56 1.38 67.46 22.95 6 43.90 35.10 
SWUntreatedPUR1 40 6.20 1.17 49.66 31.34 12 60.80 38.50 
SWUntreatedPUR2 20 7.65 0.99 83.51* 24.90 6 0.61** 1.50 
SWCA 4%PUR1 20 3.57 1.61 22.77 18.86 6 66.30 30.70 
SWCA 8%MUF 19 4.83 2.56 59.91 29.67 5 13.68 16.54 
SWCA 8%PUR1 20 5.30 2.13 37.46 35.12 6 26.04 21.41 
SWCA 8%PUR2 20 6.60 1.17 78.16 25.04 6 6.35 7.29 
SWDOT 4%MUF 20 4.22 2.79 43.79 27.10 2 1.65** 2.33 
SWDOT 4%PUR2 15 6.18 0.99 78.10 14.66 6 11.58 16.47 
* met minimum mean wood failure percentage requirement according to EN 14080:2013.
** satisfied or exceeded by a negligible difference (0.1%) the maximum allowable 5% mean delamination as stipulated
in EN 14080:2013. 
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Supplementary Table 2: Welch’s ANOVA for the effect of wood type, preservative treatment, and 
adhesive system on E. grandis joint performance 
Source DF NUM 
Shear strength (N/mm2) Wood failure (%) Delamination (%) 
F P F P F P 
Wood type (W) 1 12.95 0.000 10.16 0.002 0.78 0.381 
Treatment (T) 4 20.77 0.000 8.05 0.000 6.06 0.001 
Adhesive (A) 2 12.66 0.000 44.01 0.000 22.03 0.000 
W x T 6 37.07 0.000 51.42 0.000 9.27 0.000 
W x A 5 24.63 0.000 31.65 0.000 11.34 0.000 
T x A 11 19.37 0.000 19.43 0.000 12.46 0.000 
W x T x A 13 27.50 0.000 33.19 0.000 11.70 0.000 
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Chapter 8 Research results VI 
Unpublished 
Improved adhesive-bond performance in copper azole and disodium octaborate tetrahydrate-treated 
Eucalyptus grandis joints 
A. A. Alade ab, C. B. Wessels a*, H. Stolze b, H. Militz b 
a Stellenbosch University, Forest and Wood Science Department, Stellenbosch, 7602, South Africa. 
b Georg-August University, Wood Biology and Wood Products Department, Göttingen, 37077, Germany. 
Abstract 
The feasibility of manufacturing durable structural wood composites with copper and boron-impregnated 
Eucalyptus grandis wood has been established in previous studies albeit below standard adhesive-bond 
performance requirements. This study investigated process factors that include planing, preservative 
impregnation, adhesive system, and bonding pressure for improved bond performance in preservative-treated 
E. grandis joints. The results obtained showed significant improvement in E. grandis joint shear strength and
delamination resistance particularly in the former as per the British Standard EN 14080:2013 requirements.
The study established the compatibility of polyurethane, melamine-urea-formaldehyde, and phenol-resorcinol-
formaldehyde adhesives with CA and DOT-impregnated E. grandis wood for structural composites with
satisfactory mechanical properties.
Introduction 
Hardwood bonding is gaining global attention for the manufacturing of structural wood composite products 
due to the favourable mechanical properties, species abundance, and green building perspective [1]. Likewise, 
there is growing attention towards developing wood composite products that are suitable for tropical and 
subtropical areas with a high prevalence of wood biodeterioration. Lee et al. [2] noted that improved adhesive-
bond performance in preservative-treated joints would promote the use of wood products, particularly for 
exterior applications. The feasibility of manufacturing structural adhesive-bonded composites using 
Eucalyptus grandis has been established in few studies [3–7]. More recently, investigations that include 
process parameter screening [8], and characterization of modified E. grandis wood [9] established the 
feasibility of E. grandis wood durability treatment and adhesive bonding synergy to manufacture durable 
hardwood composites. The feasibility of a greener process pathway that excludes pre-bonding planing for 
manufacturing preservative-treated E. grandis adhesive-bonded composites was also established [8]. Thus, 
providing an opportunity to eliminate a bonding process step that removes well-treated wood surfaces and 
generates hazardous wood wastes. However, the cleaner and more uniform surface benefits associated with 
planing would have to be compensated for by process adaptation. 
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Preservative impregnation adversely affects the adhesive bonding of wood [10–14]. Processes that 
include adhesive reformulation  [15], mixing wood preservative with surfactants [16], pre-bonding mechanical 
[17], chemical [18], and various plasma [13,19–21] treatments are sometimes employed to improve wood-
adhesive bonds. However, the associated shortcomings of these remedial measures include additional cost, 
generation of toxic wood waste as with pre-bonding mechanical treatments, and adverse effect on 
biodeterioration resistance of preservative-treated wood as reported of plasma treatment [13]. In this study, we 
drew on the prospects and recommendations from previous studies [8,9] to investigate processes and factors 
for improved bonding of preservative-treated South African grown E. grandis wood. Earlier, Wang et al. [22] 
noted the need and lack of a greener bonding process for preservative-impregnated wood without pre-bonding 
planing treatment. Therefore, the principal focus of this study was to improve adhesive bonding of copper 
azole (CA) and disodium octaborate tetrahydrate (DOT)-impregnated E. grandis wood with neither pre-
bonding planing (being the predominant mechanical treatment) nor use of surface primers. Copper and boron-
based wood preservatives are the most commercially utilized wood preservatives globally [22–25] and in South 
Africa. 
Materials and methods 
Boards of Eucalyptus grandis with average sapwood and heartwood content of approximately 21% and 79%, 
respectively, as determined by Gonya [26] were obtained from the Merensky 13-year-old Eucalyptus 
plantations located in Tzaneen, Limpopo, South Africa. The boards were processed into 304 x 64 x 19 mm 
dimensions. CA – Tanalith® E and DOT wood preservatives were provided by chemical manufacturers Lonza 
Wood Protection t/a Arch Wood Protection (SA) (Pty) Ltd. South Africa, and Dolphin Bay South Africa, 
respectively. High CA and DOT concentrations of 8% each (boric acid equivalents for DOT) were prepared 
and used for wood impregnations to emphasize the bond performance difference between untreated and treated 
joints. Each wood treatment group was pressure-impregnated at 640 kPa for 1 h using the empty-cell process. 
Before and after impregnation, the wood samples were climatized at 20 ±2 °C and 65 ±5% relative humidity 
to 12 ±1% moisture content. Three commercial adhesive systems viz. two-component melamine-urea-
formaldehyde (MUF – Kauramin® resin 683 + hardener 688), one-component isocyanate prepolymer-based 
polyurethane (PUR – HENKEL PURBOND® HB S309), and two-component phenol-resorcinol-
formaldehyde (PRF, DYNEA Prefere 4040 resin + Prefere 5839 hardener) were used in this study. The 
adhesives’ characteristics, applications, and bonding parameters based on the manufacturer’s information and 
recommendation, except where otherwise stated, are presented in Table 1. 
Stellenbosch University https://scholar.sun.ac.za
131 
Table 1: Adhesives’ characteristics, applications, and bonding parameters 
Parameters Adhesive MUF PUR PRF 
Viscosity (resin) 
2,000 – 3,500 mPa.s 
(at 20 °C) 
ca. 24,000 mPa.s (Sp.6 / 
20 rpm at 20 °C) 
5,000 – 1000 mPa.s (20 rpm 
at 25 °C) 
Viscosity (hardener) 
2,000 – 4,000 mPa.s 
(at 20 °C) 
n/a 
5,000 – 8,000 mPa.s (20 
rpm at 25 °C) 
Density (resin) 1.28 g/cm3 1,160 kg/m3 approx. 1,160 g/cm3 
Density (hardener) 1.06 g/cm3 n/a approx. 1.18 g/cm3 
Solid Content 66.5 ± 1%* 
100% and free from 
fibres and abrasive fillers 
2 pc. At 120 °C* 
pH (resin) 9 – 10 (at 20 °C) - approx. 8.5 
pH (hardener) 1 – 2 (at 20 °C) - - 
Resin : hardener 100 : 50 n/a 100 : 20 
Spread rate 400 g/m2  160 g/m2 420 g/m2 
Assembly time 1 30 min 20 min 30 min 
Press duration 420 min 75 min 300 min 
Pressure 0.7 to 1.3 MPa 2
n/a not applicable; * dry basis; - not stated 
1 adapted for this study based on preliminary observations  
2 based on this study design (investigated variable) and applicable to all adhesive systems 
Each test joint was prepared with duplicate members according to American Standard for Material and 
Testing (ASTM) D905 [26]. The bonded joints were further processed into ten 50.8 x 50.8 x 38 mm test 
specimens per group for shear strength tests and six 76 x 50.8 x 38 mm test specimens for delamination tests. 
Shear strength tests and wood failure estimations were performed according to ASTM D905 [26] and ASTM 
D5266-99 (Reapproved 2005) [27] respectively. A two-cycle delamination test was performed according to 
procedure A of British standard EN 14080:2013 [28]. A Taguchi L18 (21 33) orthogonal design as presented 
in Table 2 was used to study the effect of the pre-bonding planing, preservative impregnation, adhesive system, 
and bonding pressure on the E. grandis joint performance. The adhesive-bond performance requirement for 
hardwood joints is not yet standardized. As such, the British standard EN 14080:2013 [28] was adopted in this 
study for bond performance evaluation. The sensitivities of the joint shear strength, wood failure, and 
delamination to the levels of the investigated variables were screened using the Sigma throwaways 
performance metric (F-test). Statistical analyses were performed using Minitab Software v.18. 
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Table 2: Taguchi orthogonal L18 (21 33) design for variables studied 
Process run Planing Preservative Adhesive Pressure (MPa) 
R1 YES Untreated MUF 0.7 
R2 YES Untreated PUR 1.0 
R3 YES Untreated PRF 1.3 
R4 YES CA MUF 0.7 
R5 YES CA PUR 1.0 
R6 YES CA PRF 1.3 
R7 YES DOT MUF 1.0 
R8 YES DOT PUR 1.3 
R9 YES DOT PRF 0.7 
R10 NO Untreated MUF 1.3 
R11 NO Untreated PUR 0.7 
R12 NO Untreated PRF 1.0 
R13 NO CA MUF 1.0 
R14 NO CA PUR 1.3 
R15 NO CA PRF 0.7 
R16 NO DOT MUF 1.3 
R17 NO DOT PUR 0.7 
R18 NO DOT PRF 1.0 
Results and discussion 
The results obtained for the E. grandis joint shear strength, wood failure, and delamination percentages based 
on the different process runs are summarized in Table 3. 
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Table 3: Summary statistics for E. grandis joint shear strength, wood failure, and delamination as per process run 
Process run Shear strength (MPa) Wood failure% Delamination (%) Min Max Mean ±SD Min Max Mean ±SD Min Max Mean ±SD 
R1 6.11 11.31 8.07 ±1.88 90.00 100.00 100 ±3.37 0.00 0.00 0.00 ±0.00 
R2 5.20 11.29 9.20 ±1.99 80.00 100.00 95 ±8.01 0.00 0.00 0.00 ±0.00 
R3 7.05 9.82 8.69 ±0.84 15.00 100.00 90 ±25.84 0.00 0.00 0.00 ±0.00 
R4 5.20 8.77 7.12 ±1.07 70.00 100.00 85 ±10.85 0.00 0.00 0.00 ±0.00 
R5 7.97 10.38 9.23 ±0.85 75.00 100.00 95 ±7.84 0.00 0.00 0.00 ±0.00 
R6 5.60 9.47 7.66 ±1.18 30.00 100.00 80 ±25.06 0.00 0.00 0.00 ±0.00 
R7* 6.13 8.80 7.60 ±0.80 0.00 100.00 65 ±37.61 - - -
R8 5.45 9.61 8.28 ±1.19 85.00 100.00 95 ±5.07 0.00 0.00 0.00 ±0.00
R9 5.36 8.75 7.76 ±1.00 75.00 100.00 95 ±8.18 - - -
R10 5.09 8.91 7.69 ±1.15 70.00 100.00 90 ±9.61 0.00 18.51 5.87 ±7.64 
R11 6.83 9.57 8.02 ±0.87 90.00 100.00 95 ±4.22 0.00 42.60 20.22 ±14.98 
R12 5.29 10.73 8.19 ±1.65 80.00 100.00 95 ±7.26 2.80 83.11 28.53 ±31.57 
R13 6.51 10.55 8.50 ±1.43 15.00 100.00 80 ±29.20 0.00 19.11 5.93 ±7.68 
R14 3.34 11.29 8.98 ±2.21 35.00 100.00 80 ±21.63 0.00 32.14 6.14 ±12.87 
R15* 4.73 8.95 6.37 ±1.30 0.00 100.00 55 ±39.00 0.00 60.62 14.93 ±25.20 
R16 6.64 8.97 7.71 ±0.82 50.00 95.00 80 ±18.23 41.57 61.18 50.92 ±9.84 
R17* 3.66 8.17 6.65 ±1.70 0.00 100.00 75 ±38.94 17.78 38.11 26.00 ±10.71 
R18* 2.68 8.87 6.83 ±1.90 0.00 100.00 70 ±30.53 78.10 100.00 90.94 ±11.43 
- samples invalidated during processing; *wood failure below minimum requirement relative to shear strength
Shear strength and wood failure 
The mean shear strengths of E. grandis joints obtained from all the process runs (Table 3) met the minimum 
requirement of 6 MPa according to EN 14080:2013 [28]. Similarly, the mean shear strength obtained based on 
all levels of the investigated factors met the EN 14080:2013 minimum requirement (Figure 1). This indicated 
that regardless of mechanical pretreatment of planing, adhesive system, and bonding pressure ranging from 
0.7 – 1.3 MPa, satisfactory bond shear strengths were obtained in both CA and DOT-impregnated E. grandis 
joints. However, based on individual group performance, untreated and DOT-impregnated joints had the 
highest and lowest mean shear strengths (Figure 1). Similar effects of boron compounds on joint strength have 
been reported in urea-formaldehyde-bonded alder and beech joints [14], and phenol-formaldehyde-bonded 
pine, beech, and poplar joints [29]. Vick et al. [30] also reported reduced shear strength in DOT-impregnated 
compared to ammoniacal copper borate-impregnated aspen joint. Pre-bonding planing treatment produced 
slightly better joint shear strength compared to unplaned joints (Figure 1). The better shear strength in the 
planed joints as observed in this study could be attributed to better bond development due to uniformity of 
adhesive spread and thickness over planed surfaces [31]. PUR-bonded joints recorded the highest mean shear 
strength while PRF-bonded joints had the lowest mean shear strength (Figure 1). Bonding pressure of 1.0 MPa 
produced the highest mean shear strength slightly above 1.3 MPa while 0.7 MPa produced the lowest bond 
shear strength (Figure 1). The observed improvement in shear strength at 1.0 MPa and the relative decline at 
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1.3 MPa affirm reports that although increased pressure favours better joint strength, excessively high pressure 
could diminish bonding due to starved joints arising from adhesive overpenetration or excess bleed-out [8,32]. 
The corresponding mean wood failure percentage obtained for nearly 80% of the process runs met the 
minimum requirement according to EN 14080:2013 [28] as prescribed for the recorded mean shear strengths 
(Table 3). Based on the levels of all investigated factors, the recorded mean wood failure percentages met the 
EN 14080:2013 minimum requirements as per the corresponding mean shear strengths (Figure 2). 
Figure 1: Interval plots of wood preservative impregnation, pre-bonding planing, adhesive system, and 
bonding pressure for E. grandis joints mean shear strengths. Reference line indicates minimum mean shear 
strength requirement according to EN 14080:2013 standard [28]. Means with same letter in each panel are 
not significantly different at 95% confidence level using Tukey’s pairwise comparison. 
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Figure 2: Interval plots of wood preservative impregnation, pre-bonding planing, adhesive system, and 
bonding pressure for E. grandis joint wood failure percentages. Reference line indicates minimum mean 
wood failure percentage requirement according to EN 14080:2013 standard [28] as per the least mean shear 
strength on each corresponding graph panel in Figure 1. Means with the same letter in each panel are not 
significantly different at 95% confidence level using Tukey’s pairwise comparison. 
Note: The higher the mean shear strength, the lower the minimum mean wood failure percentage requirement. 
The result of the sensitivity (F-test) and Taguchi ranking analyses (Table 4) showed that bonding 
pressure was the predominant factor responsible for the improved shear strengths of CA and DOT-impregnated 
E. grandis joints. A similar effect of bonding pressure on shear strength of CA-impregnated E. grandis joints 
was found in a previous study [8]. Dugmore et al. [4] reported likewise on the effect of bonding pressure on 
the shear strength of E. grandis cross-laminated timber. Furthermore, only the effect of bonding pressure was
statistically significant at α = 0.05 on the E. grandis joint shear strength as obtained in this study (Table 4). 
This study's findings showed that the adverse impacts of CA and DOT impregnation on E. grandis joint shear 
strengths was sufficiently alleviated by moderately elevating the bonding pressure, particularly in joints 
processed without pre-bonding planing treatment. This established the effective bonding of CA and DOT-
impregnated E. grandis wood, as per the shear strength and wood failure percentage requirements, barring 
extra processing step of planing before bonding. Again, this further affirms the reports that pressure facilitates 
better adhesive bonding [32] and that high pressure could yield better bond strength in preservative-treated 
hardwood [8]. The effects of all investigated factors were not statistically significant at α = 0.05 on the E. 
grandis joint wood failure percentages (Table 4).
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Table 4: Summary of sensitivity analyses, process parameters’ screening results, and Taguchi rankings. Rankings from 
1 to 4 are displayed inside square brackets for each of the groups (1 being the most influential and 4 being the least) 
Variable 
Shear strength (MPa) Wood failure (%) Delamination (%) 
PC F* P** PC F* P** PC F* P** 
Planing 10.22 [4] 3.63 0.079 12.22 [3] 2.42 0.105 32.88 [1] 8.35 0.032 
Preservative 18.18 [2] 3.23 0.075 30.01 [1] 2.97 0.053 27.98 [2] 4.00 0.019 
Adhesive 18.10 [3] 3.21 0.075 10.23 [2] 1.01 0.311 12.46 [3] 1.87 0.147 
Pressure 26.76 [1] 4.75 0.031   0.76 [4] 0.08 -   8.34 [4] 1.21 - 
PC means percent contribution; * F-test values based on results of sigma throwaway performance metric.  
** P values based on analysis of candidate influential variables; - means not a candidate influential variable. 
Delamination 
The delamination results obtained (Table 3) clearly showed that only E. grandis joints produced from processes 
that involved pre-bonding planing met the maximum 5% mean delamination requirement according to EN 
14080:2013 [28]. However, the unplaned-CA-impregnated process runs R13 and R14 only slightly (less than 
1 and 1.2% respectively) exceeded the allowable maximum mean delamination percentage. Based on the levels 
of the investigated factors, only pre-bonding planed and CA-impregnated E. grandis joints met the EN 
14080:2013 maximum delamination percentage requirement (Figure 3). Fundamentally, the above limit 
delamination observed in this study is attributable to the characteristic high dimensional instability of E. 
grandis wood [4]. Dimensional instability stresses could produce core shear stress that ultimately results in 
bondline delamination [33,34]. Notwithstanding, the results obtained in this study showed relative 




Figure 3: Interval plots of wood preservative impregnation, pre-bonding planing, adhesive system, and 
bonding pressure for E. grandis joint delamination percentages. Reference line indicates maximun mean 
delamination percentage requirement according to EN 14080:2013 standard [28]. Means with the same letter 
in each panel are not significantly different at 95% confidence level using Tukey’s pairwise comparison. 
The result of the sensitivity (F-test) and Taguchi ranking analyses (Table 4) showed that preservative 
impregnation and pre-bonding planing treatment were the predominant factors that affected the E. grandis 
joint delamination resistance. Furthermore, the effects of preservative impregnation and planing were 
statistically significant at α = 0.05 on the recorded E. grandis joint delamination percentages (Table 4). 
Contrary to its effect on the joint shear strength, bonding pressure was not an influential variable on the 
delamination resistance recorded. A similar finding on the statistically insignificant effect of bonding pressure 
differences ranging from 0.1 – 0.7 MPa on E. grandis joint delamination was previously reported [8]. Yusof 
[36] also found that the effect of bonding pressure difference ranging from 0.9 to 1.5 MPa had no significant
influence on bondline delamination resistance in Acacia mangium cross-laminated timber. PUR bonds
recorded the best delamination resistance, slightly better than MUF bonds. Likewise, Lim et al. [11] reported
better delamination resistance in micronized CA-treated pine CLT bonded with PUR compared to melamine-
formaldehyde and resorcinol-formaldehyde adhesives. The better bond performance with PUR is probably
attributable to the effective wetting and chemical bonding capabilities with substrates [37]. The increased joint
delamination observed in DOT-impregnated and PRF-bonded joints in this study are probably attributable to
accelerated PRF cure by borate ions [15]. Frihart [10] also found that CA accelerates PRF cure. However, the
findings in this study indicated that the effect of accelerated adhesive cure by CA is less severe compared to
that of DOT on the bond performance. Statistically, the effect of the adhesive system was not significant α =
0.05 on the E. grandis joint delamination percentages (Table 4). Overall, the better bond performance observed
in CA-impregnated compared to DOT-impregnated joints is attributable to the latter’s more adverse effect on




The improved bond performance achieved in this study established the suitability of CA and DOT-impregnated 
E. grandis wood for manufacturing durable adhesive-bonded solid wood composites for building and
construction applications in tropical and subtropical regions. Better adhesive-bond shear strength and
delamination resistance were achieved in CA-impregnated compared to DOT-impregnated E. grandis joints.
Furthermore, the study outcome established satisfactory process pathways with neither mechanical or chemical
pre-bonding treatments required nor requiring adhesive reformulation for bonding CA and DOT-impregnated
E. grandis wood. The research therefore showed that greener and cost-effective bonding process routes are
possible. The study also established the suitability of the CA-impregnated E. grandis joint for use under
exterior applications such as hazard class H3. Finally, under the bonding process conditions in this study,
adhesive as a factor did not significantly affect the results except for the shear strength variable where PUR
bond performance was significantly different from that of PRF bond, whereas MUF bond performance was
not significantly different from both PUR and PRF bonds.
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Chapter 9 Summary and conclusions 
Summary of findings 
The key findings from the research presented in chapters 2 to 8 of this dissertation are summarized as follows: 
• Adoption of laminated wood composites is limited in tropical and subtropical regions due to wood
biodeterioration concerns. The difficulties in bonding preservative-treated wood pose a major
challenge to the manufacture of durable adhesive-bonded solid wood composites. However, successful
integration of wood preservation into mass timber technology would enhance wood product
resurgence in contemporary building and construction.
• The sapwood of E. grandis is highly treatable whereas the treatability of the heartwood is limited. This
finding provided supportive research evidence for the SANS 10005 (2016) categorization of E. grandis
as amenable to impregnation. Obtaining the desired preservative retention in sawn E. grandis through
specific board selection criteria is, therefore, feasible. This should however be integrated with
considerations to other wood product properties of interest.
• The effect of copper azole impregnation, wood density, adhesive spread rate, mechanical pretreatment,
open and close assembly times, bonding pressure, and press duration on melamine-urea-
formaldehyde-bond performance of E. grandis joints was investigated in order to assist with
optimisation of the bonding process. All factors had a significant influence on bond performance
except adhesive spread rate, assembly times, and press duration.
• CA and DOT-impregnations significantly modified the surface acidity and buffer capacity of E.
grandis sapwood and heartwood. Hence, the pH and buffer capacity are important criteria for adhesive
compatibility for bonding CA and DOT-impregnated E. grandis.
• CA and DOT impregnations increased the elemental O/C ratio on E. grandis sapwood and heartwood
surfaces. This implied that the reduced wettability of CA and DOT-impregnated E. grandis wood is
unconnected to the O/C ratio.
• CA and DOT impregnations reduced the polarity (oxygen-containing functional groups) of E. grandis
sapwood and heartwood surfaces. The implication thereof is reduced hydrophilicity and limited
opportunity for adhesion via chemical (hydrogen) bonding.
• Surface adhesion-related chemical characteristics of E. grandis sapwood were more affected than that
of heartwood due to the preservative impregnations. This suggests that E. grandis with a lesser amount
of sapwood might be better suited for adhesive chemical bonding. However, preservative penetration
is limited in the heartwood. The results indicates that sapwood-heartwood content, therefore, need to
be carefully considered when designing a bonding process for treated E. grandis joints.
• CA and DOT impregnations adversely affected the surface thermodynamic behaviour of E. grandis.
The implication thereof is limited wetting and adhesion on the impregnated surfaces compared to the
untreated surface. This provides significant evidence that the poor adhesive-bond development in CA




• CA and DOT impregnations adversely affected E. grandis joint shear strength and delamination
resistance. The heartwood-sapwood variation influenced adhesive-bond shear strength but had no
significant effect on the joint delamination resistance.
• With process adaptation, improved adhesive-bond shear strength and delamination resistance were
achieved in CA-impregnated and DOT-impregnated E. grandis joints. The positive delamination
resistance observed in the improved CA-impregnated joint established its suitability for use under
exterior applications such as hazard class H3.
Outcomes of the study 
This study provides a background for consideration of sawn E. grandis in solid wood applications where 
durability treatment is required. The improved bond performance achieved in this study established the 
suitability of CA and DOT-impregnated E. grandis wood for manufacturing durable adhesive-bonded solid 
hardwood composites for structural applications in tropical and subtropical regions. Furthermore, the study 
outcome established satisfactory process pathways where neither mechanical or chemical pre-bonding 
treatments nor adhesive reformulation for bonding CA and DOT-impregnated E. grandis joints was required. 
This provides the opportunity for greener and cost-effective bonding process routes that could be readily 
embraced for manufacturing durable hardwood composites for building and construction in tropical and 
subtropical regions. However, it should be noted that the DOT-impregnated, unplaned, and PRF-bonded joints 
are only suitable for use under limited exterior exposure conditions. 
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